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I.  INTRODUCTION 

The  overall  purpose  of  the  scientific  research  reported  here  Is  to  use 
particle  data  (principally,  precipitating  electron  data)  taken  aboard  polar 
orbiting  U.S.  Air  Force  satellites  to  conduct  broadly  based  statistical 
surveys  of  the  high  latitude  magnetosphere  in  order  a)  to  determine  global 
magnetospheric  activity  in  near  real  time,  and  b)  to  further  efforts  to  model 
magnetospheric  dynamics. 

Figure  1  Is  a  schematic  diagram  of  the  noon-midnight  meridional 
cross-section  of  the  magnetosphere  showing  major  features.  Solar  wind  entry 
at  the  front  of  the  magnetosphere  and  along  the  magnetopause  populates  the 
cusp  and  the  mantle  (Region  2).  Direct  entry  downtail  may  also  precipitate  In 
the  polar  caps  (Region  1).  Various  processes.  Including  convection  from  the 
mantle  In  a  dawn-dusk  electric  field  (shown  in  dashed  lines)  populate  the 
plasmasheet.  The  magnetospheric  tall  lobes  (regions  between  the  mantles  and 
the  plasmasheet)  are  very  sparsely  populated.  The  magnetic  field  lines  at  low 
latitudes  In  the  distant  tail  occupy  these  regions  and  pass  through  the  polar 
caps  and  the  auroral  zones.  Thus,  for  particles  that  originate  In  the  solar 
wind  the  low  altitude,  high  latitude  regions  of  the  Earth  can  be  a  sink:  the 
time  histories  of  these  particles  end  here.  The  processes  by  which  particles 
enter  and  leave,  traverse,  and  are  deposited  In  the  magnetosphere  Is  the  major 
subject  of  magnetospheric  physics.  Examination  of  a  class  of  these  particles 
near  the  end  of  their  histories  can  provide  more  or  less  Information  on  the 
large-scale  processes  within  the  magnetosphere,  the  lesser  or  greater  Is  the 
ability  of  small-scale  or  transient  features  to  obscure  them. 

Low  altitude  polar  orbiting  satellites  sample  the  footprints  of  the 
particle  populations  shown  In  Figure  1.  Four  types  of  precipitation  are  of 
particular  Interest.  Two  typically  manifest  themselves  as  auroras:  diffuse 


auroras  and  discrete  auroras.  The  other  two  are  principally  defined  by 
regions:  the  cusp  and  the  polar  cap.  Auroras  may  also  occur  in  these 
regions.  Each  type  or  region  of  precipitation  is  discussed  briefly  below  to 
indicate  current  problems  to  which  detailed  analysis  of  Air  Force  satellite 
data  has  been  directed. 

Diffuse  Aurora.  The  diffuse  aurora  is  identified  on  DMSP  images  that 
show  the  midnight  sector  auroral  oval  as  the  structureless,  relatively  faint, 
region  of  auroral  luminosity  on  the  equatorward  edge  of  the  auroral  oval.  It 
can  be  several  degrees  wide  in  latitude  or  only  a  fraction  of  a  degree.  It  is 
always  present  in  the  midnight  sector.  (This  statement  requires  verification 
from  particle  data  since  at  very  quiet  times  the  diffuse  auroral  luminosity 
can  fall  below  imaging  instrument  detectibility.) 

i 

Particle  studies  of  the  diffuse  aurora  show  it  to  be  a  result  of 

precipitating  electrons  and  protons  which  have  highly  thermalized  (near 

Maxwellian)  particle  distributions  (Frank,  and  the  references  therein,  1975; 

and  Eather,  1975).  The  temperatures  of  the  electrons  and  protons  are  on  the 

-3 

order  of  1  keV,  with  number  densities  near  1  cm  .  The  plasmasheet  is  now 
0Or>or.aTTv  accepted  as  the  source  of  the  precipitating  particles  that  cause  the 
diffuse  aurora  (Vasyliunas,  1968).  Plasmasheet  particles  in  the  loss  cone 
penetrate  directly  to  low  latitudes,  and  additional  acceleration  or  transport 
mechanisms  are  not  needed  to  explain  their  distributions.  Pitch  angle 
diffusion,  however,  is  required  to  maintain  a  loss  cone  population.  The  inner 
(most  Earthward)  edge  of  the  plasmasheet  maps  into  the  equatorward  edge  of  the 
diffuse  aurora.  Therefore,  the  dynamics  of  the  inner  edge  is  directly 
reflected  in  the  motion  of  the  diffuse  aurora.  Conversely,  the  dynamics  of 
the  inner  edge  is  directly  reflected  in  the  motion  of  the  diffuse  aurora. 

The  motion  of  low  energy  electrons  in  the  plasmasheet  is  mairily 


controlled  by  the  large-scale  magnetospheric  electric  field  (Ki velson,  1976). 
Gradient  and  curvature  drifts  from  magnetic ‘field  spatial  variations  are 
energy  dependent  and  are  evidenced  in  trajectories  of  keV  or  greater 
particles.  The  trajectories  of  low  energy  particles  (zero  energy,  to  be 
exact)  are  electric  field  equipotentials;  the  trajectories  are  displaced 
radially  outward  for  higher  energy  particles.  Figure  2  is  a  schematic  diagram 
of  equatorial  particle  trajectories.  Near  the  Earth,  the  equipotentials  will 
be  circular,  due  to  corotation,  and  closed:  zero-energy  particles  in  the 
plasmasheet  do  not  have  access  to  these  equipotentials.  The  transition 
between  open  and  closed  equipotentials,  the  first  path  on  which  plasmasheet 
particles  have  access,  is  called  the  zero-energy  A1 fven  layer.  The  zero- 
energy  Alfven  layer,  when  mapped  to  the  ionosphere,  is  the  equatorward 
boundary  of  the  diffuse  aurora.  It  is  determined  entirely  by  the  magneto- 
spheric  electric  field. 

Analytic  models  of  the  magnetospheric  electric  field  combining  corotation 
and  cross-tail  fields  have  been  developed  (Stern,  1975;  and  Volland,  1973)  and 
predictions  compared  to  a  wide  variety  of  measurements,  most  of  which  indicate 
that  the  cross-taiT  component  increases  with  radial  distance,  r,  from  the 
Earth  as  rY,  where  y  is  between  2  and  3  (Ei jiri  et  al . ,  1978;  Hughes  et  al., 
L979;  and  Southwood  and  Kaye,  1979). 

The  DMSP  precipitating  electron  data  provide  the  opportunity  to  monitor 
the  auroral  zones  along  the  subsatellite  track  with  high  precision  and 
temporal  coverage.  Two  passes,  one  of  the  north  pole  and  one  of  the  south 
pole,  are  obtained  every  100  minutes.  Gussenhoven  et  al.  (1981)  used  these 
data  to  determine  over  6000  equatorward  auroral  boundaries  in  the  dawn  and 
dusk  sectors.  They  were  found  to  be  ordered  by  Kp  in  a  highly  linear  way 
(absolute  values  of  the  correlation  coefficients  ~  0.9).  The  results  for  the 


northern  and  southern  hemispheres,  for  the  local  time  sector  19-20,  are  shown 
in  Figure  3.  The  high  degree  of  linearity  With  which  Kp  orders  the 
equatorward  boundaries  indicates  that  the  magnetospheric  electric  field  is 
also  well-ordered  by  K^.  The  boundaries  were  mapped  by  a  Mead-Fai rfield 
magnetic  field  model  to  the  magnetic  equatorial  plane  and  compared  to  the 
zero-energy  Alfven  layers  predicted  by  electric  field  models.  The  results  are 
shown  in  Figure  4.  In  addition  to  showing  that  the  value  of  y  is  indeed 
between  2  and  3,  it  is  apparent  that  the  direction  of  the  cross-tail  electric 
field,  which  is  along  the  axis  of  symmetry  of  the  zero-energy  Alfven  layer,  is 
a  function  of  magnetic  activity.  Figure  4  also  shows  a  slight  tendency  for  y 
to  decrease  with  increasing  (indicated  by  more  elongated  boundaries  for 
smaller  y). 

Other  studies  show  that  the  boundary  continues  through  the  midnight 
sector  (Sheehan  and  Carovillalno,  1978;  and  Kamide  and  Winningham,  1977).  The 
work  performed  here  extends  the  OMSP  electron  boundary  studies  to  the  noon  and 
midnight  sectors,  examines  their  variations  with  solar  wind  parameters  and 
other  magnetic  indices,  and  uses  the  electron  boundaries  to  define  an  auroral 
activity  index.  In  addition,  preliminary  work  on  the  variation  of  precipitat¬ 
ing  ion  boundaries  is  also  presented.  These  studies  are  given  in  Section  II. 

Large-scale  statistical  maps  of  precipitating  electrons  were  assembled 
using  the  DMSP  data,  and  these  give  more  detailed  information  on  the  diffuse 
aurora  and  its  variation  with  magnetic  activity.  These  are  presented  in 
Section  III.  Comparisons  of  the  precipitating  electron  populations  in  the 
diffuse  aurora  and  their  source  population  in  the  plasmasheet  are  given  in  the 
first  two  papers  of  Section  IV. 

Discrete  Auroras.  Discrete  auroral  arcs  occur  in  and  poleward  of  the 
diffuse  aurora.  They  are  thicker  and  brighter  in  the  midnight  and  evening 


sectors  than  in  the  morning  and  dayside.  While  arcs  can  continue  through  the 
morning  sector  during  active  times,  they  are  more  typically  characterized  as  a 
family  of  short,  weak  arcs,  particularly  during  substorm  recovery  phases 
(Eather,  1975).  The  entire  collection  of  morning  arcs  can  move  to  'xtremely 
high  latitudes,  decreasing  in  intensity  with  increasing  latitude.  Discrete 
arcs  are  the  most  dramatic  manifestation  of  the  substorm,  a  violent  surge  of 
magnetic  and  auroral  activity  lasting  1-2  hours. 

Discrete  arcs  lie  near  the  boundary  between  open  and  closed  field  lines, 
a  boundary  which  is  expected  to  be  highly  variable,  particularly  in  the  open 
magnetosphere.  The  energy  dispersion  of  precipitating  electrons  that  cause 
discrete  arcs  is  described  by  the  ‘inverted-V1  and  indicates  that  they  have 
undergone  an  acceleration  process  along  magnetic  field  lines  (Frank  and 
Ackerson,  1972;  and  Lin  and  Hoffman,  1979).  The  most  frequently  suggested 
acceleration  process  is  that  resulting  from  parallel  electric  fields  that  l’e 
below  an  altitude  of  several  Earth  radii  and  are  short-lived  compared  to 
overall  magnetospheric  electric  field  changes.  While  the  most  poleward 
discrete  auroral  arc  is  often,  particularly  during  times  of  high  activity, 
coincident  with  the  poleward  boundary  of  the  auroral  oval,  as  determined  by 
precipitating  electrons,  this  is  not  always  the  case.  On  the  morningside,  in 
particular,  high  fluxes  of  low  energy  particles,  in  which  discrete  arcs  may  be 
imbedded,  can  reach  very  high  latitudes.  Therefore,  the  poleward  boundary  of 
the  oval  is  dynamic  and  likely  a  result  of  several  competing  processes. 
Statistical  studies  of  the  poleward  boundary  are  unlikely,  at  this  stage  of 
theoretical  understanding,  to  do  anything  but  average  out  the  small  scale 
processes  of  greatest  interest. 

One  of  the  major  outstanding  problems  associated  with  discrete  arcs  is  a 
clear  picture  of  the  magnetic  topology  of  the  field  lines  on  which  they  lie. 


Work  done  on  the  ISIS  satellite  data  (Venkatarangan  et  al.,  1975)  indicates 
that  in  the  midnight  sector  they  lie  on  closed  field  lines.  However,  a  study 
of  the  spatial  occurrence  of  over  200  inverted-V  events  by  Lin  and  Hoffman 
(1979)  shows  them  to  reach  to  latitudes  >80°  CGM,  outside  the  accepted  range 
of  closed  field  lines.  Particle  pitch  angle  signatures  are  often  used  in 
fairly  simple  ways  to  choose  between  open  and  closed  field  lines.  The  most 
sophisticated  work  in  this  field  has  been  done  in  the  area  of  energetic  solar 
particle  access  to  the  polar  cap,  i.e.,  along  open  magnetic  field  lines  (see 
the  review  by  Paul ikas,  1974)  and  an  extension  of  this  work  to  investigate  the 
relationship  between  trapping  boundaries  and  energetic  particle  boundaries  may 
help  to  clarify  the  problem.  Two  very  different  approaches  to  discrete 
auroral  dynamics  were  taken  here.  The  first  was  to  make  statistical  maps  of 
auroral  precipitation,  and  to  study  their  variation  with  magnetic  activity. 

The  results  are  given  in  the  first  two  papers  of  Section  III.  The  average 
properties  of  precipitating  electrons  were  also  used  as  input  to  ionospheric 
electron  production  codes  to  determine  average  values  for  Hall  and  Pedersen 
conductivities  which,  in  turn,  couple  with  convection  and  acceleration 
processes  in  discrete  arc  formation.  The  second  is  a  theoretical  study  of 
wave  production  by  electron  beams.  This  study  is  presented  in  Section  III. 

The  PoTar  Cusp.  The  polar  cusp  is  conceptually  perceived  as  the  region 
on  the  dayside  of  the  magnetosphere  where  Bs  +0:  B$  being  the  component  of 
the  Earth's  magnetic  field  along  the  magnetospheric  boundary  (i.e.,  along  the 
magnetopause).  That  is,  the  cusp  is  the  dayside  region  between  closed 
magnetic  field  lines  and  field  lines  that  are  swept  back  into  the  magnetotai 1 
(or  alternately,  that  lie  on  open  field  lines).  A  cusp  configuration  is 
anticipated  for  both  open  and  closed  models  of  the  magnetosphere  (Figure  5). 

The  cusp  has  occupied  a  prominent  position  in  magnetospheric  physics  for 


some  time  because  it  is  a  region  of  direct  entry  of  solar  wind  particles  (via 
the  magnetosheath)  into  the  magnetosphere  (Paschmann  et  a!.,  1976).  How  the 
particles  penetrate  to  low  altitudes  and  how  their  original  distribution 
functions  are  altered  in  the  process  depends  greatly  on  the  transport 
mechanism  which,  in  turn,  may  depend  on  magnetospheric  model.  For  instance, 
Reiff  et  al .  (1977)  have  suggested  two  mechanisms:  cross-magnetic  field  line 
diffusion,  appropriate  to  both  closed  and  open  models;  and  a  merging  process, 
appropriate  only  to  the  open  model*  Evidence  for  both  is  given  by  them.  A 
large  body  of  data  shows  the  cusp  to  be  a  region  of  considerable  turbulence 
over  a  wide  range  of  altitudes  (see  review  by  D'Angelo,  1977;  and  Potemra  et 
aj_.,  1978).  The  type  of  instability  involved  may  also  be  strongly  dependent 
on  magnetic  field  model.  Therefore,  determination  of  the  cusp  particle 
populations  at  both  high  and  low  altitudes;  the  shape  of  the  cusp,  as 
determined  by  particles,  waves,  currents,  and  electric  fields;  and  the 
dynamics  of  the  shape  of  the  cusp  have,  taken  as  a  whole,  been  expected  to 
lead  to  definitive  evidence  for  one  magnetospheric  model  or  the  other.  Even  a 
cursory  examination  of  the  abundant  research  conducted  in  the  dayside  cusp 
shows  that  the  often  designated  'zone  of  confusion'  is  still  far  from  being 
understood. 

Particle  signatures  show  the  cusp  to  be  located  at  latitudes  75°-80°  CGM 
and  to  extend  several  hours  around  local  noon.  Controversy  exists  a)  about 
the  type  of  field  line  the  cusp  spans:  open,  closed,  or  both  (McDiarmid  et 
al . ,  1976;  Rei ff  et  al . ,  1977;  and  Potemra  et  al . ,  1977);  b)  about  its 
relation  to  discrete  and  diffuse  auroras;  c)  whether  it  changes  location 
primarily  as  a  function  of  interplanetary  magnetic  field  (IMF)  (Kamide  et  al . , 
1976)  or  substorm  current  systems  (Eather  et  al . ,  1979);  d)  about  the 
variation  of  particle  energy  with  latitude;  and  e)  even  whether  the  region  is 


best  described  by  a  cusp  (pointlike)  or  a  cleft  (extended  in  longitude). 

A  major  cause  of  these  differences  may  well  be  that  the  cusp  signature 
itself  is  ambiguous,  not  only  between  types  of  measurements:  particle, 
photometric,  waves,  currents;  but  also  for  a  class  of  measurements,  say, 
particles.  As  particles  with  direct  penetration  from  the  magnetosheath,  the 
cusp  particles  should  have  low  energies:  tens  of  eV  for  electrons  and  ~  1  keV 
for  protons;  and  should  be  flowing  down  the  Earth's  magnetic  field  lines. 
Therefore,  sharp  increases  in  both  low  energy  electrons  and  protons  with 
increased  pitch  angle  in  the  distributions  along  field  lines  are  the  ideal 
signature  of  the  cusp  in  particle  measurements.  Satellites  without  the  full 
complement  of  instruments  required  to  make  this  determination  (equipped,  say, 
with  electron  detectors  only)  have  been  used  to  study  the  cusp.  Further,  it 
is  found  that  the  turbulence  in  the  cusp  can  so  affect  the  electron 
distribution  as  a  function  of  energy  and  pitch  angle  that  it  bears  little 
resemblance  to  the  ideal  signature  (Potemra  et  al.,  1978). 

Another  source  of  disagreement  may  be  the  result  of  using  onTy  a 
!  relatively  small  number  of  cases  (order  of  magnitude,  10)  to  discuss  cusp 
dynamics.  When  variations  with  magnetic  activity  and  IMF  direction  are 
studied,  a  much  larger  statistical  sample  is  required  for  meaningful  results. 
The  statistical  nature  of  the  cusp  region  at  low  altitudes  is  addressed  in 
Section  III. 

The  Polar  Cap.  Compared  to  the  auroral  zones,  the  very  high  latitude 
regions  of  the  ionosphere  are  generally  quiet  and  uniform.  Without  further 
specificity  as  yet,  we  may,  as  is  commonly  done,  use  quietness  and  uniformity 
in  whatever  phenomenon  is  being  measured  as  the  definition  of  the  polar  caps. 
For  some  phenomena  and  at  specific  times,  the  cap  boundaries  appear  to  be 
quite  sharp.  And  at  other  times  and  for  a  variety  of  measured  quantities,  a 


much  less  well-defined  transition  occurs.  Even  though  the  boundaries  may  be 
sharp,  not  surprisingly,  they  differ  from  event  to  event  and  from  kind  of 
measurement  to  kind  of  measurement.  In  short,  the  high  latitude  edge  of 
oval -auroral  arcs  and  related  phenomena  is  complex  and  dynamic. 

That  there  should  be  a  polar  cap  boundary  at  all  is  not  clear  from 
magnetospheric  models,  open  or  closed.  In  each  group  of  theories,  the  auroral 
oval,  or  active  precipitation  region,  is  centered  on  the  region  of  transition 
from  closed  to  open  field  lines.  However,  there  is  this  important  difference: 
Open  models  of  the  magnetosphere  are  open  to  being  affected  by,  perhaps  even 
driven  by,  changes  in  the  solar  wind  magnetic  field  since  the  Earth’s  field 
lines  at  high  latitudes  merge  with  those  of  the  solar  wind.  In  closed  models, 
the  solar  wind  field  is  swept  by  the  magnetosphere  without  direct  connection, 
and  in  these  models  it  is  difficult  to  see  how  changes  in  the  solar  wind  field 
could  drive  internal  magnetospheric  dynamics  since  the  inner  magnetosphere  is 
closed  to  the  solar  wind  field  (or  the  interplanetary  magnetic  field,  IMF). 

Interest  in  the  polar  caps  is,  then,  twofold.  First,  as  the  upper  limit 
to  oval  activity,  a  polar  cap  not  only  provides  a  boundary  condition  to  be  met 
in  oval  studies,  but  must  itself  be  explained.  Second,  the  dynamics  of  the 
upper  limit,  or  the  plasticity  of  the  cap,  may,  by  relation  to  other 
variations  in  the  solar  wind  or  in  the  magnetosphere,  provide  substantial 
evidence  for  or  against  open  and  closed  magnetospheric  models. 

There  is  much  increased  interest  in  particle  precipitation  morphology 
across  the  caps.  Earlier  investigations  tended  to  ignore  particle  activity 
above  the  auroral  oval  since  it  is  minimal  there.  The  lack  of  interest 
persisted  until  very  recently,  but  that  is  now  being  corrected  by  the  programs 
of  the  ISIS  and  DMSP  satellites  which  are  polar  orbiting  at  low  altitudes. 
Studies  are  clearly  initial.  No  comprehensive  picture  of  particle  activity  in 


the  caps  has  emerged. 

Winningham  and  Heikkila  (1974)  find  a  persistent,  weak,  low  energy  (100 
eV),  structureless  electron  precipitation  in  the  caps  which  they  call  the 
polar  rain.  Polar  showers  and  polar  squalls  —  indicating  more  intense  and 
more  structured  precipitation  and,  for  the  latter,  a  harder  energy  spectrum  -- 
are  also  identified  by  them.  The  existence  of  low  energy  electron 
precipitation  in  these  regions  at  higher  altitudes  is  supported  by  the  work  of 
Burch  (1968),  Frank  and  Gurnett  (1971),  and  Yeager  and  Frank  (1976).  The 
polar  rain  intensity  across  the  cap  from  dawn  to  dusk  has  been  shown  by  Meng 
et  al.  (1977)  to  depend  on  the  y-component  of  the  IMF.  The  dependency  is  in 
the  same  sense  found  by  Heppner  (197?)  for  increases  in  the  convection 
electric  field  across  the  cap,  and  by  Hardy  et  al .  (1979)  for  preferentially 
observing  the  plasma  mantle  in  the  distant  tail  lobes  which  map  into  the  caps. 
No  differentiation  has  yet  been  attempted  for  a  Bz  dependence  of  the 
precipitation.  The  picture  that  emerges  is  one  in  which  the  motion  of  the  low 
energy  magnetosheath  particles  is  determined  principally  by  the  convection 
electric  field  in  the  cap.  Analytic  models  of  the  cap  convection  electric 
field  could  then  be  verified  by  statistical  studies  of  low  energy  cap 
precipitation. 

Evidence  for  strong  correlations  between  the  electric  and  magnetic  field 
variations  in  the  polar  caps  and  the  various  components  of  the  interplanetary 
magnetic  field  have  been  compiled  from  both  ground  and  satellite  measurements 
(Mansurov,  1969;  Heppner,  1972,  1977;  Svalgaard,  1973;  Paul ikas ,  1974; 

Fri is-Christensen  and  Hilhjelm,  1975;  Lange! ,  1975;  McDiarmid  and  Burrows, 
1977;  Stern,  1977;  and  Maezawa,  1976,  1978).  Some  evidence  for  correlations 
of  the  field  variations  with  season  also  exists. 

Theoreticians  who  favor  an  open  magnetosphere  model  have  great  encourage- 
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merit  from  these  polar  cap  studies.  In  particular,  vacuum  models  of  the 
magnetosphere  —  models  for  which  there  are  no  magnetospheric  particles  and 
therefore  only  field  Interactions  (direct  addition  of  fields)  —  have  been 
constructed  by  Stern  (1973)  and  Hill  and  Rassback  (1975).  These  suffer  from 
excessive  simplicity,  but  have  produced  some  clean,  quantitative  predictions. 

Auroral  arcs  are  found  to  occur  infrequently  in  the  polar  caps;  they  have 
been  sighted  from  the  ground  at  magnetic  latitudes  greater  than  80°  over  many 
decades.  More  recently,  optical  Imaging  devices  on  satellites  show  these 
extremely  high  latitude  arcs  to  vary  greatly  in  length,  intensity,  internal 
structure  and  orientation.  They  also  can  emanate  from  (or  terminate  in) 
almost  all  sectors  of  the  auroral  oval.  The  arcs  can  occur  in  groups  across 
significant  portions  of  the  cap,  or  singly.  The  most  dramatic  of  the  polar 
cap  arcs  is  the  single,  sun-aligned  arc  stretching  from  midnight  to  noon. 
(Akasofu ,  1972;  Eather  and  Akasofu,  1969;  Lassen  and  Danielson,  1978;  and  Meng 
and  Akasofu,  1976. ) 

All  problems  associated  with  an  explanation  of  discrete  auroral  oval  arcs 
also  must  be  dealt  with  In  an  explanation  of  polar  cap  arcs,  the  principal  one 
being  an  acceleration  mechanism  of  appropriate  magnitude  and  duration.  In 
addition,  a  polar  cap  arc  theory  must  come  to  terms  with  the  question  of 
particle  source.  Discrete  oval  arcs  lie  on  magnetic  field  lines  that  extend 
through  or  near  the  plasmasheet,  a  constant  source  of  thermallzed,  hot 
particles.  If  one  traces  the  locus  of  a  sun-aligned  arc  occurring  in  the 
central  polar  cap  along  magnetic  field  lines  to  the  outer  magnetosphere  using 
one  of  the  stationary  magnetic  field  models  In  the  literature,  the  mapped 
locus  stretches  across  the  central  tail  lobe  from  the  magnetosheath  to  the 
plasmasheet,  that  is,  through  a  region  charcterlzed  as  tenuous  and  cool.  The 
more  common  precipitation  found  in  the  polar  caps,  the  polar  rain,  is  a 


steady,  low  Intensity,  low  energy  flux  that  varies  slowly  spatially.  A  tall 
lobe  particle  population  Is  an  appropriate  source  for  polar  rain,  but  appears 
unable  to  account  directly  for  discrete  arcs. 

On  the  other  hand,  since  polar  cap  arcs  can  occur  distinctly  Isolated 
from  the  diffuse  aurora,  they  may  more  readily  yield  Information  about  auroral 
arc  acceleration  processes,  or  specific  models  of  arcs,  than  auroral  oval  arcs 
have  been  able  to. 

In  this  report,  two  studies  on  polar  cap  arcs  are  presented  In  Section 
III.  Also  presented  Is  a  statistical  study  on  the  morphology  of  polar  rain. 

In  summary,  we  report  work  done  on  this  contract  In  three  sections: 
Section  I  presents  the  results  of  auroral  boundary  studies  using  both 
precipitating  electrons  and  Ions;  Section  II  presents  the  results  of  large- 
scale  statistical  studies  of  the  auroral  oval  and  the  polar  cap.  In  addition, 
studies  on  polar  cap  arcs  are  presented  to  understand  more  fully  the  nature  of 
polar  cap  precipitation.  Section  IV  gives  studies  that  compare  particle 
populations  at  high  and  low  altitudes  and  work  relating  to  wave-particle 
processes  that  link  the  two.  Finally,  In  Section  V,  a  list  of  publications 
and  presentations  supported  by  this  contract  Is  given. 
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FIGURE  CAPTIONS 


Figure  1  Schematic  diagram  of  the  magnetosphere  showing  the  cusp  and  cap 
regions  (1),  the  plasma  mantle  (2),  the  tail  lobes  (3),  and 
possible  direct  connection  to  the  solar  wind  downtail  (4).  Also 
shown  is  the  region  of  the  boundary  plasmasheet. 

Figure  2  Schematic  diagram  of  particle  trajectories  .in  the  equatorial 
plane.  Particles  move  from  the  pre-midnight  region  (near  the 
arrow),  under  the  influence  of  magnetospheric  electric  and 
magnetic  fields,  to  the  dayside  (dashed  lines).  The  solid  line 
represents  the  zero-energy  Alfven  layer.  No  particles  from  the 
plasmasheet  penetrate  the  closed  portion  of  this  boundary. _ 

Figure  3  Mean  values  and  standard  deviations  of  equatorward  boundaries  in 

each  K  bin  plotted  as  a  function  of  K  for  north  and  south  poles 
P  P 

in  the  19-20  MLT  sector.  The  solid  line  results  from  a  linear 
regression  performed  using  individual  boundary  determinations. 

Figure  4  Volland-Stern  Injection  boundaries  for  y=  2  and  y  -  3  rotated  to 

fit  the  Inner  edge  of  the  plasmasheet  as  determined  by  the 

DMSP-F2  auroral  boundaries,  for  various  K„.  The  Mauk-Mcllwain 

P 

injection  boundary  Is  also  shown  (dashed  line). 

Figure  5  Schematic  diagram  of  the  magnetic  field  lines  in  the  cusp  region 
for  a)  the  closed  magnetosphere;  and  b)  the  open  magnetosphere. 
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Approximately  2500  equatorward  boundaries  of  auroral  electron  precipitation  were  determined  for 
times  when  hourly  averages  of  the  interplanetary  magnetic  field  and  solar  wind  velocity  V  were  available. 
The  equatorward  boundaries  were  determined  from  data  relumed  by  the  SSJ/3  electron  detector  on 
board  the  DMSP/F2  satellite  in  magnetic  local  sectors  between  0400  and  1 100  hours  on  the  mornuigude 
of  the  oval  and  between  1500  and  2300  hours  on  the  evemngside  of  the  oval.  The  boundary  data  were 
separated  into  I -hour  zones  in  magnetic  local  lime.  Within  each  zone  the  boundary  locations  were  stud¬ 
ied  as  functions  of  B,  and  B,2.  VB,  and  VB,2.  Significant  results  were  obtained  when  the  boundaries  were 
correlated  with  hourly  average  of  B;  and  VB,  for  the  hour  preceding  the  one  in  which  the  boundary  was 
measured  and  when  the  linear  regression  was  performed  separately  for  data  points  where  J,  <  I  nT  and 
B,  >  1  nT.  For  points  where  B,  £  I  nT,  the  correlation  with  B,  and  VB,  gave  slopes  generally  between 
0.8°  and  l.2°/nT  and  between  1.5°  and  2.5°/mV/m.  respectively,  with  correlation  coefficients  of  -0  7. 
The  latitudes  of  the  intercepts  tend  to  decrease  with  increasing  local  time  in  the  evening  sector  and  with 
decreasing  local  time  in  the  morning  sector.  In  the  range  above  I  nT.  the  slope  of  the  best  lit  line  for 
correlation  with  B,.  and  VB,  changes  sign.  Slopes  fall  in  the  range  -0.1°  to  -0.4°/nT  and  0.21°  to  I*/ 
mV/m  Correlation  coefficients  are  typically  worse  than  -0.4.  Correlations  of  the  boundary  with  B,2  and 
VB,2  for  both  ranges  of  B.  are  uniformly  worse  than  those  for  B,  and  VB,  The  trend  in  slopes  and  inter¬ 
cepts  with  magnetic  local  time  for  B,  £  1  nT  is  found  to  be  similar  to  that  previously  found  for  the  corre¬ 
lation  of  the  boundaries  with  Kp  (Gussenhoven  et  a]..  1981 ).  In  this  range  of  B,.  Kp  and  VB,  are  found  to 
be  related  by  the  equation  Kp  —  2.01  -  0.91  VB,  (mV/m).  From  the  work  of  Ejui  et  al.  (1978)  an  equa¬ 
tion  relating  the  magnetosphenc  electric  potential  lo  VB,  is  derived.  The  results  are  in  agreement  with 
the  general  features  of  the  half-wave  rectifier  model  of  the  magnetosphere  and  measurements  of  polar 
cap  potential. 


Introduction 

The  equatorward  boundary  of  electron  precipitation  in  the 
auroral  zone  maps  along  magnetic  field  lines  to  the  inner  edge 
of  the  plasma  sheet  [  Vasyliunas,  1970;  Lassen,  1974,  Winning- 
ham  et  al.,  1975;  Lui  et  al.,  1977],  The  inner  edge  of  the  plasma 
sheet  corresponds  to  the  zero-energy  Alfvin  layer  in  the  equa¬ 
torial  magnetosphere,  i.e.,  the  boundary  between  corotating 
and  noncorotating  plasma  [Mauk  and  Mcllwain,  1974;  Free¬ 
man,  1974],  The  position  of  the  zero-energy  Alfvin  layer  de¬ 
pends  directly  on  the  strength  and  distribution  of  the  magne- 
tospheric  electric  field  [Kivelson  and  Southwood,  1975}.  Thus 
measurements  of  variations  in  the  equatorward  boundary  of 
auroral  electron  precipitation,  as  functions  of  magnetic  local 
time,  and  changes  in  solar  wind  parameters  can  provide  sig¬ 
nificant  information  concerning  large-scale  convection  pattern 
in  the  magnetosphere  and  coupling  between  solar  wind  and 
magnetospheric  electric  fields. 

Numerous  investigators  have  established  that  the  auroral 
oval  as  a  whole  moves  equatorward  with  increasing  geomag¬ 
netic  activity.  Akaso/u  and  Chapman  (1963]  showed  that  the 
position  of  quiet  auroral  arcs  during  geomagnetic  storms 
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moved  equatorward  as  a  function  of  increasing  DstiH).  Felds- 
tein  and  Starknv  (1967]  showed  that  the  entire  oval  moved  to 
lower  latitudes  with  both  increasing  Q  and  increasing  Kp.  In 
terms  of  the  equatorward  boundary,  however,  these  results 
must  be  viewed  as  primarily  qualitative  owing  to  the  limita¬ 
tion  of  the  photographic  techniques  used  [Eat her,  1973}.  The 
equatorward  motion  has  been  confirmed  by  Lui  et  al.  (1975} 
using  satellite  particle  data  and  has  been  well  quantified  more 
recently  by  Slater  et  al.  [  1 980}  and  by  Gussenhoven  et  al. 
1 1981).  These  latter  works  show  that  the  position  of  the  equa- 
torward  boundary  and  Kp  are  tinearly  related  in  most  mag¬ 
netic  local  time  zones. 

The  relationship  between  oval  motion  and  solar  wind  varia¬ 
tion  has  been  studied  much  less  exhaustively.  Earlier  works 
[Akaso/u  el  al.,  1973;  Kamide  and  Akaso/u,  1974;  Pike  et  al.. 
1974]  have  shown  a  qualitative  relationship  between  the  equa- 
lorward  motion  of  auroral  phenomena  and  increasing  values 
of  the  southward  component  of  the  interplanetary  magnetic 
field  (IMF).  A  more  quantitative  study  of  the  interdependence 
of  the  two  phenomena  performed  by  Kamide  and  Winningham 
1 1977]  using  particle  data  from  the  ISIS  satellites  has  shown 
that  there  is  a  reasonable  linear  relationship  between  the 
boundary  and  B,  in  magnetic  local  times  from  2000  to  0400 
hours.  Their  study  was  restricted  to  only  studying  the  relation- 
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Fig  I .  Electron  data  from  a  typical  pau  of  the  DMSP/F2  satellite  in  the  southern  hemisphere  From  the  top.  the  three 
panels  shoe  the  integral  flux  in  (cm'  sr  s)"\  energy  flux  in  keV  (cm-'  sr  s)~ and  average  energy  in  keV  These  are  ploued 
as  functions  of  universal  time  (in  seconds),  geographic  latitude  and  longitude  of  the  subsaielhie  position,  corrected  geo¬ 
magnetic  latitude  and  longitude  of  the  satellite  position  projected  along  a  iensen-Cain  magnetic  field  to  1 10  km.  and  mag¬ 
netic  local  time. 


ship  of  the  boundary  to  B,  and  to  a  relatively  small  number 
(351)  of  boundary  determinations. 

This  paper  is  primarily  an  extension  and  reexamination  of 
the  work  of  Kamide  and  Winningham  11977],  A  much  larger 
data  set  is  used  to  enable  analysis  of  the  relationship  between 
solar  wind  plasma  parameters  and  the  boundary  location  in 

:r..^r  detail  Tns  solar  wind  velocity  '?  included  so  -.bat 
quantities  other  than  B,  could  be  tested  for  their  effects  on  the 
boundary  location.  Also,  the  present  study  has  been  extended 
over  a  wider  range  in  magnetic  local  times. 

The  instrument  used  in  this  study  and  the  methods  of  data 
analysis  are  summarized  in  the  following  section.  Correlation 
results  are  then  presented.  The  best  correlations  are  found  be¬ 
tween  the  oval  boundaries  and  1-hour  delayed  values  of  the  Y 
component  of  the  interplanetary  electric  field  ( VB, ).  Similar¬ 
ities  between  these  correlations  and  those  previously  obtained 
with  Kp  lead  to  a  linear  relationship  between  VB,  and  Kp  sub¬ 
ject  to  the  constraints  B,  <  I  nT.  The  result  is  confirmed  by 
direct  correlation  of  these  quantities.  The  discussion  section 
contains  three  subsections.  The  first  is  a  detailed  comparison 
of  our  results  with  those  of  Kamide  and  Winningham  (1977).  In 
the  second  subsection  we  use  the  relationship  between  Kp  and 
VB,  to  write  a  quasi-empirical  expression  for  the  magneto- 
spheric  electric  potential  distribution.  Cross-magnetospheric 
potential  drops  calculated  from  this  expression  are  in  good 
agreemem  with  measured  polar  cap  potential  drops  as  a  func¬ 
tion  of  Kp.  The  final  subsection  gives  a  comparison  between 
our  results  and  the  general  features  of  the  half-wave  rectifier 
model  of  the  magnetosphere. 


Instrumentation  and  Data  Analysis 

Data  used  in  this  study  came  from  the  SSJ/3  sensor  on 
board  the  F2  satellite  of  the  Defense  Meteorological  Satellite 
Program  (DMSP).  The  F2  satellite  is  three-axis  stabilized  in  a 
near  sun  synchronous  orbit  and  at  an  altitude  of  ~840  km. 
TFtc- '•>•*»!  period  is  —101  tain,  aud  the  nominal  inclination  is 
98.75°.  The  orbit  initially  was  centered  near  the  0700-1900 
meridian  but  was  subject  to  a  very  slow  precession  toward 
later  local  time.  The  orbit  restricted  boundary  determinations 
to  magnetic  local  times  between  0400  and  1 100  hours  on  the 
moraingside  and  between  1500  and  2300  hours  on  the  eve- 
ningside  of  the  oval. 

The  particle  detector  on  DMSP/F2  consists  of  two  curved 
plate  electrostatic  analyzers  that  measure  the  fluxes  of  elec¬ 
trons  in  16  energy  channels  between  50  eV  and  20  keV  once 
per  second.  The  apertures  of  the  analyzers  always  face  toward 
local  vertical.  At  auroral  and  polar  cap  latitudes  they  detect 
precipitating  rather  than  backscattered  and/or  trapped  elec¬ 
trons.  One  analyzer  covers  the  energy  range  from  50  eV  to  I 
keV  with  a  geometric  factor  of  4  x  10‘4  era2  sr  and  a  A£/£  of 
103.  The  other  analyzer  coven  the  energy  range  from  1  keV 
to  20  keV  with  a  geometric  factor  of  I0~’  cm2  sr  and  a  A £/£ 
of  123.  The  large  geometric  facton  insure  that  the  flux  level  \ 
for  the  electrons  in  the  diffuse  aurora  are  well  above  the  detec¬ 
tor's  sensitivity.  A  deuiled  description  of  the  detector  is  given 
by  Hardy  el  at.  ( 1979). 

The  boundaries  of  the  oval  were  chosen  from  plots  similar 
to  those  shown  in  Figure  I.  In  the  figure  we  have  plotted  from 
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Fig.  2.  The  average  weighted  normalized  correlation  coefficient 
for  the  boundaries  with  B,  and  VB.  as  a  function  of  the  hourly  aver¬ 
age  of  the  IMF  and  velocity  used. 


top  to  bottom  £av t.  the  average  energy  of  the  precipitating 
electrons  in  keV,  U£TOT.  the  directional  energy  flux  (keV/cmJ 
s  sr).  and  JTO T,  the  directional  number  flux  (el/cm:  s  sr). 
These  quantities  are  plotted  as  functions  of  universal  time  in 
seconds  of  the  day,  the  geographic  latitude  and  longitude  of 
the  subsatellite  position,  the  corrected  geomagnetic  latitude 
and  longitude  of  the  satellite  projected  to  an  altitude  of  1 10 
km.  and  the  magnetic  local  time.  Values  of  the  equatorial 
boundaries  (A,)  of  the  auroral  oval  are  assigned  to  the  cor¬ 
rected  geomagnetic  latitudes  >45°  at  which  /TOT  rises  notice¬ 
ably  above  background.  This  is  essentially  the  same  method 
used  bv  Kamide  and  Winningham  [19771  The  uroblems  associ- 

u.vu  ‘Vjm  w-i  wile  oOuH Jtwt y  ud %'c 

tail  by  Gussenhoven  et  al.  [1981). 

Correlation  Results 

An  initial  set  of  6000  boundary  locations  was  available  for 
this  study.  These  boundary  locations  were  taken  from  data 
obtained  between  September  1977  and  December  1978  with 
the  majority  obtained  from  September  1977  to  March  1978. 
This  set  was  merged  with  the  hourly  averages  of  the  iMF  B, 
comp  nent  and  solar  wind  speed  available  from  the  National 
Space  Science  Data  Center  [Xing,  1979],  Each  boundary 
crossing  was  tagged  with  1'  and  B.  values  for  the  hour  of, the 
crossing  as  well  as  I  and  2  hours  prior  to  the  crossing.  Such  V 
and  B,  data  were  available  for  approximately  2500  boundary 
crossings  The  hourly  averages  of  the  B,  component  were  pro¬ 
vided  in  the  solar  magnetospheric  coordinate  system. 

The  boundary  data  were  separated  into  I -hour  zones  in 
magnetic  local  time  and  were  further  separated  by  hemi¬ 
sphere  Since  the  data  came  exclusively  from  the  DMSP/F2 
satellite,  the  magnetic  local  time  coverage  was  restricted  to  be¬ 
tween  0400-0800  and  1800-2300  in  the  northern  hemisphere 
and  between  0600- 1 100  and  1500-2000  in  the  southern  hemi¬ 


sphere.  Within  each  zone  the  correlation  was  tested  between 
the  boundary  location  and  (1)  Bt.  (2)  B,\  (3)  VB,  and  (4) 
VB}  The  correlations  were  performed  separately  by  using  the 
three  different  sets  of  IMF  and  solar  wind  speed  data  with 
which  each  boundary  was  tagged. 

-  To  determine  the  optimum  time  delay  between  VfB,.  the 
solar  wind  parameters,  and  boundary  variations  we  first  iden¬ 
tified  the  delay  that  produced  the  highest  correlation  coeffi¬ 
cient  in  each  MLT  zone  We  then  normalized  the  three  values 
of  the  correlation  coefficient  in  each  zone  by  setting  the  peak 
value  to  1.0.  Only  MLT  zones  that  had  20  or  more  boundary 
crossings  were  considered.  Finally,  we  averaged  the  normal¬ 
ized  coefficients  for  each  delay  time,  weighting  each  MLT 
zone  by  the  number  of  boundaries  in  that  zone.  The  results  for 
B,  and  VB,  are  shown  in  Figure  2.  It  is  clear  that  the  quality 
of  the  correlation  varies  with  >he  time  delay.  The  highest  cor¬ 
relation  is  obtained  for  a  time  delay  between  I  and  2  hours. 
This  result  is  consistent  with  time  delays  reported  between 
southward  turning  of  the  IMF  and  substorm  onset  [Foster  et 
al.,  1971;  Meng  et  al,  1973].  Since  we  have  only  l-hour  aver¬ 
ages  of  the  IMF  and  solar  wind  speed,  any  more  detailed 
analysis  is  not  possible,  and  for  the  remainder  of  this  paper  we 
consider  only  correlations  with  a  1-hour  time  delay. 

Correlation  coefficients  using  all  data  points  are  listed  in 
Table  I  for  2L,  B,2,  VB^  and  VB,2.  There  are  two  points  of 
note.  First,  none  of  the  relationships  show  a  very  high  correla¬ 
tion  coefficient.  In  most  zones  of  magnetic  local  time  the  cor¬ 
relation  coefficient  is  less  than  0.5.  even  though  the  correlation 
contains  several  hundred  points.  Second,  although  all  correla¬ 
tions  are  marginal  in  terms  of  significance,  B,  and  VB,  give 
better  results  than  B,2  or  VB2.  The  average  weighted  correla¬ 
tion  coefficients  for  B,  and  VB,  are  0.44  and  0.47  as  compared 
to  0.29  and  0.33  for  B,2  and  VB,2.  For  later  comparison,  the 
slopes  and  intercepts  from  the  linear  regressions  for  VB,  are 
listed  in  Table  2. 
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Fig.  3.  The  average  weighted  normalized  correlation  coefficient 
for  the  equatorward  boundaries  with  B,  and  VB,  and  for  VB,  versus 
Kp  for  boundaries  with  B,  less  than  the  breakpoint  as  a  function  of 
the  breakpoint. 
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TABLE  I.  Number  of  Boundary  Locations  (#)  is  Each  Zona  of  Magnetic  Local  Time  and 
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Fig.  4.  Scatter  plot  of  the  magnetic  latitude  of  the  equatorward 
boundary  of  electron  precipitation  in  the  magnetic  local  time  tone 
0700-0800  versus  the  hourly  average  of  the  IMF  B,  component  in  so¬ 
lar  magnetospheric  coordinates  with  a  I -hour  time  delay.  The  two 
solid  lines  give  the  least  squares  fits  to  the  data  for  points  with  B,  <  I 
nT  and  B,  >  I  nT.  In  the  upper  right-hand  corner  the  linear  equations 
and  correlation  coefficients  for  both  ranges  are  listed. 

Scatter  plots  of  boundary  locations  versus  B,  and  VB,  (e  g.. 
Figures  4-7,  discussed  below)  indicate  that  the  low  correla¬ 
tions  are  partially  caused  by  including  boundaries  from  peri¬ 
ods  with  B,  >  +1-2  nT.  Relatively  strong  trends  for  boundary 
locations  to  move  equatorward  with  increasingly  negative  B, 
appear  below  these  values.  For  B,  >  2  nT  little  or  no  correla- 


Fig.  S.  Scatter  plot  of  the  magnetic  latitude  of  the  equatorward 
boundary  of  electron  precipitation  in  the  magnetic  local  time  zone 
0700-0800  versus  the  hourly  average  of  VB,  with  a  I  -hour  time  delay. 
B,  is  determined  in  a  solar  magnetospheric  coordinate  system.  The 
two  solid  lines  are  least  squire  fits  to  the  data  for  points  with  B,  <  I 
nT  and  B,  >  I  nT  In  the  upper  right-hand  comer  the  equations  from 
the  linear  fit  and  correlation  coefficients  for  both  ranges  are  listed 


2000. 


lions  are  visually  evident.  To  quantify  this  perception  we  first 
divided  data  in  each  MLT  zone  into  two  sets  separated  at  a 
breakpoint  in  B,.  The  data  were  then  tested  separately  for  the 
correlation  for  all  points  greater  than  and  less  than  the  break¬ 
point.  The  breakpoint  was  set  successively  at  —2,  —1, 0, 1, 2,  3, 
4,  5,  and  6  nT,  and  linear  regressions  were  determined  for  the 
boundary  location  versus  both  B,  and  VB,.  Only  B,  and  VB, 
were  treated  because  of  the  much  lower  initial  correlations 
with  B,7  and  VB7. 

To  determine  the  breakpoint  that  maximized  the  correla¬ 
tion  for  the  entire  daU  set,  we  followed  a  procedure  similar  to 
that  performed  in  determining  the  best  time  delay.  In  each  lo¬ 
cal  time  zone  the  breakpoint  that  maximized  the  correlation 
coefficient  was  determined.  The  correlation  coefficients  in  that 
time  zone  for  all  the  other  breakpoints  were  normalized  to 
that  value.  An  average  weighted  by  the  number  of  points  in 
each  zone  was  then  calculated  for  each  breakpoint  over  all 
magnetic  local  time  zones.  The  results  of  such  a  procedure  are 
shown  for  both  B,  and  VB,  in  Figure  3.  For  VB,  the  best  cor¬ 
relation  is  obtained  for  a  division  at  B,  -  I  nT,  and  for  B,  the 
best  division  is  obtained  for  B,  equal  to  between  1  and  2  nT 
positive.  In  both  cases  there  is  a  well  defined  peak  with  the 
quality  of  the  correlation  decreasing  significantly  for  tbe 
breakpoint  moved  toward  more  positive  or  negative  values  of 
B.. 

The  straight  line  fits  from  the  linear  regression  for  a  break¬ 
point  and  I  nT  positive  for  both  B,  and  VB,  are  given  in  Ta¬ 
bles  3  and  4.  From  consideration  of  these  tables  in  comparison 
with  Table  I  and  2,  several  points  are  clear. 

1.  The  correlation  coefficients  obtained  over  tbe  range  be¬ 
low  tbe  breakpoint  are  significantly  higher  than  those  ob¬ 
tained  over  the  entire  range  in  B,  or  for  the  points  above  tbe 
breakpoint. 

2.  7>e  slopes  obtained  for  tbe  values  below  the  break¬ 
point  are  much  larger  than  for  the  other  two  cases,  between 
0.7'  and  l.2D/nT  for  B,  and  between  1.4'  and  3.2*/mV/m  for 
VB.. 

3  The  correlation  for  points  above  the  breakpoint  is  poor 
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The  correlation  coefficients  are  between  0  and  -0.4,  with  the 
weighted  correlation  coefficient  being  only  —0.18  and  —0.20, 
respectively,  for  B,  and  VB,. 

4.  Even  though  the  correlation  for  points  above  the  break¬ 
point  is  poor,  the  slope  of  the  best  fit  line  has  the  opposite  sign 
to  that  for  points  below  the  breakpoint. 

5.  In  16  of  18  magnetic  local  time  zones  the  correlation  of 
the  boundary  is  higher  with  VB,  than  with  B,  for  points  below 
the  breakpoint.  The  weighted  averaged  correlation  coeffi¬ 
cients  for  B,  and  VB„  with  the  breakpoint  at  B,  •  1  nT,  are 
0.64  and  0.66,  respectively. 

6.  On  both  momingside  and  cveningside  of  the  oval  there 
is  a  trend  in  the  intercepts  of  the  straight  line  fits  for  the  points 
below  the  breakpoint  to  decrease  as  a  function  of  time  toward 
midnight.  On  the  eveningside  in  particular,  there  is  a  dear 
tendency  for  the  intercept  to  decrease  for  increasing  magnetic 
local  time  toward  midnight.  Except  in  the  2100-2200  MLT 
zone  the  equalorward  shift  of  the  intercept  is  between  0.5® 
and  1.0°  per  hour  local  time. 

In  Figures  4  through  7  we  show  typical  examples  of  the  cor¬ 
relations  .  The  first  two  of  these  plots  shows  the  distribution  of 
points  and  straight  line  fits  for  the  boundary  locations  versus 
B,  and  VB„  respectively,  for  the  local  time  zone  0700-0800. 
The  last  two  plots  are  for  the  evening  zone  1900-2000  hours. 
In  both  sets  the  trend  in  the  points  below  the  breakpoint  and 
the  lack  of  a  trend  above  the  breakpoint  are  evident.  The  scat¬ 
ter  in  the  data,  however,  is  quite  large  over  the  both  ranges. 
We  attribute  this  either  to  uncertainties  introduced  by  the  use 
of  hourly  averages  in  the  IMF,  to  the  action  of  other  quan¬ 
tities  in  the  solar  wind,  or  to  intervening  processes  in  the  mag¬ 
netosphere.  We  consider  this  point  in  more  detail  in  the  dis¬ 
cussion  section. 

We  have  pointed  out  that  the  intercepts  for  the  fits  to  points 
below  the  breakpoint  show  a  systematic  trend  to  lower  values 
as  the  magnetic  local  time  zone  approaches  midnight  from 
both  dawn  and  dusk  sides  of  the  oval.  In  Table  S  we  show  re¬ 
sults  for  morning  and  evening  sectors  from  our  previous  work, 
where  we  ordered  the  data  by  Kp  [Gussenhoven  tt  al,  1981]. 
The  important  point  to  note  is  that  the  trend  in  intercepts  and 


to  a  lesser  extent  the  trend  in  slopes  is  the  same  for  ordering 
the  boundaries  by  VB,  for  points  below  the  breakpoint  and 
for  Kp.  This  implies  that  Kp  and  VB,  are  related  in  the  ran|e 
blow  the  breakpoint.  To  quantify  the  relationship,  slopes  and 
intercepts  from  available  MLT  zones  were  used  to  form 
weighted,  average  relationships  between  the  magnetic  latitude 
of  the  boundary  (A)  and  Kp  (Table  S)  and  VB,  (Table  4). 
Eliminating  A,  from  these  relationships  gives 

Kp  -  1.97(±0.15)  -  1.06(±0.16)KB,  mV/m  B.  <  1  nT(l) 

Values  in  parentheses  represent  standard  deviations  in  the  17 
MLT  zones  of  overlapping  data.  The  small  standard  devia¬ 
tions  support  our  contention  that  Kp  and  VB,  are  related. 

To  investigate  the  relationship  of  VB,  and  Kp  directly,  we 
ran  the  correlation  for  Kp  with  VB,  for  the  value  associated 
with  each  magnetic  local  time  zone  separately.  This  is  equiva¬ 
lent  to  dividing  the  total  number  of  pairs  of  values  of  Kp  and 
VB,  into  a  series  of  randomly  selected  subsets  and  testing  the 
correlation  in  each  subset.  As  before,  the  correlation  was  run 
for  values  of  the  breakpoint  in  B,  between  —2  and  +6  nT  in 
integral  steps.  At  each  value  of  the  breakpoint  the  weighted 
average  correlation  coefficient  was  determined.  The  results  are 
shown  in  Figure  3.  Again  the  correlation  decreases  sharply  for 
the  breakpoint  above  2  nT  positive.  Unlike  the  earlier  case, 
however,  the  correlation  coefficient  is  approximately  constant 
below  the  breakpoints.  For  a  breakpoint  at  B,  ■  I  nT,  the 
weighted  average  correlation  coefficient  for  points  below  the 
breakpoint  is  0.71,  and  weighted  average  values  of  slope  and 
intercept  are 

Kp  -  2.09(±0.20)  -  0.91(±0.19)F»,  B.  <  1  nT  (2) 

The  values  in  parentheses  are  the  weighted  standard  deviation 
over  the  17  magnetic  local  time  zones.  A  typical  example  of 
the  correlation  is  shown  in  Figure  8.  As  expected,  the  relation¬ 
ship  obtained  by  eliminating  the  boundaries  from  the  two  sets 
(equation  (1))  has  nearly  the  same  slope  and  intercept  as  that 
obtained  for  a  direct  correlation  of  VB,  and  Kp.  For  the  data 
above  the  breakpoint  of  B,  ■  1  nT,  the  weighted  average  cor¬ 
relation  coefficient  is  0.38  and  the  average  equation  is 

Kp  -  1.30(±0.24)  +  OAlfifirO.MJKB,  mV/m  B.  >  1  nT 

(3) 

Discussion 

In  the  previous  section  we  presented  results  of  a  statistical 
analysis  of  DMSP  measurements  of  the  magnetic  latitudes  of 
the  equatorward  boundary  of  the  auroral  oval  (A,)  as  func¬ 
tions  of  MLT  and  various  solar  wind/IMF  parameters.  Not 
surprisingly,  the  results  showed  that  the  boundaries  moved 
equatorward  with  increasingly  negative  B,.  The  best  correla¬ 
tions  were  obtained  with  1-hour  delayed  values  of  solar  wind/ 
IMF  parameters.  When  the  entire  data  set  was  used,  irrespec¬ 
tive  of  the  sign  of  B„  correlations  were  quite  weak.  The  corre¬ 
lations  improved  considerably  when  a  breakpoint  was  in¬ 
troduced  at  B,  -  1  NT.  For  B,  <  I  nT,  strong  negative  slopes 
were  found  in  both  A,  versus  B,  and  A,  versus  VB,  relation¬ 
ships.  In  16  of  the  18  MLT  zones  studied  here,  better  correla¬ 
tion  was  found  with  VB,  than  with  B,  alone.  For  B,  >  I  nT, 
correlations  were  always  weak.  In  some  instances  slopes  of  A* 
versus  B,  and  VB,  reversed  directions  That  is,  A*  moved 
equatorward  with  increasingly  positive  B,. 

In  this  section  we  first  compare  DMSP  results  with  those 
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Fig.  8.  Scatter  plot  of  the  Kp  index  versus  VB,  The  two  solid  lines 
are  the  linear  least  square  fits  to  the  data  with  B,  <  I  nT  and  B,  >  I 
nT.  The  equations  from  the  linear  fit  and  the  correlation  coefficients 
are  listed  in  the  top  right-hand  corner. 

from  a  similar  study  of  ISIS  data  [Kamide  and  Winningham, 
1977],  We  next  use  the  present  results  to  extend  the  magneto- 
spheric  potential  expression  given  by  Gussenhoven  el  al. 
[1981].  The  model  is  then  used  by  us  to  calcualte  cross-magne- 
tospheric  potential  drops.  Finally,  we  show  how  results  can  be 
interpreted  in  terms  of  the  half-wave  rectifier  model  of  the 
magnetosphere. 

Kamide  and  Winningham  [1977]  studied  the  relationship  be¬ 
tween  A,  and  B,  using  35 1  boundary  crossings  of  ISIS  1  and  2 
in  the  late  evening  through  early  morning  MLT  sector.  There 
are  only  two  MLT  zones  of  overlap  with  DMSP  measure¬ 
ments,  20-21  MLT  and  21-22  MLT.  Within  these  zones  Ka¬ 
mide  and  Winningham  found 

A,(20-2I)  -  65.8°  -  0.48  B,  nT  cc-0.68  (4) 

and 

A«(2l-22)  -  65.7°  -  0.50  B,  nT  cc-0.61  (5) 

From  the  DMSP  data  sets  with  no  separation  by  B,  (Table  I) 
the  equivalent  correlation  equations  are 

A^20-21)«  64.2°-  0.48  B,  nT  co- 0.53  (6) 

and 

A«(21-22)  •  65.0°  -  0.35  B,  nT  ec-0.41  (7) 

Although  the  regression  equations  are  comparable,  the  DMSP 
correlation  coefficients  are  considerably  lower  than  those 
found  with  ISIS  measurements  The  reason  for  this  is  unclear. 
It  could  reflect  the  difference  in  the  hourly  averages  of  the 
IMF  used  in  the  two  analyses  In  the  work  of  Kamide  and 


Winningham  the  average  was  over  the  hour,  terminating  at 
the  time  the  boundary  was  measured.  In  our  analysis,  since  we 
restricted  ourselves  to  preexisting  hourly  averages  and  used  a 
l-hour  delay,  the  termination  points  of  our  averages  are  ran¬ 
domly  distributed  between  0  and  I  hour  before  the  time  of  the 
boundary  measurement. 

When  the  DMSP  analysis  only  includes  boundary  crossings 
with  B,  <  I  nT,  the  relationship  is  (Table  3) 

A^20-2I)  «  65.4°  -  0.96  B,  nT  cc-0.66  (8) 

and 

A«(21-22)  —  65.8°  -  0.87  B,  nT  cc-0.68  (9) 

Here  the  correlation  coefficients  and  intercepts  are  com¬ 
parable  with  the  ISIS  results,  but  the  slopes  from  the  DMSP 
data  are  steeper.  By  using  the  ISIS  data  plotted  in  Figure  3 a 
of  Kamide  and  Winningham  [1977],  we  made  a  more  direct 
comparison  by  performing  a  linear  regression  on  just  the 
points  where  B,  «  1  nT.  This  yields  the  relationship 

A«(20-21)  —  66.8°  -  0.96  B,  nT  cc-0.78  (10) 

A  similar  plot  of  ISIS  data  from  the  21-22  MLT  zone  is  not 
available.  It  is  evident,  however,  that  in  the  20-21  sector,  re¬ 
stricting  measurements  to  B,  <  1  nT  brings  the  DMSP  and 
ISIS  slopes  into  reasonable  agreement. 

One  final  point  of  comparison:  to  avoid  possible  con¬ 
tamination  effects  due  to  ring  current  inflation  of  the  magnet¬ 
osphere,  all  cases  with  Da  <  —40  nT  were  eliminated  from 
the  ISIS  data  set.  This  restriction  was  not  placed  on  the 
DMSP  measurements.  As  a  test  we  eliminated  cases  with  Da 
<  -40  nT  from  the  data,  but  found  negligible  changes  in  cor¬ 
relational  results.  We  thus  conclude  that  in  the  region  of  over¬ 
lap  the  DMSP  and  ISIS  results  are  consistent. 

In  the  previous  DMSP  study  Gussenhoven  el  al.  [1981]  pro¬ 
jected  auroral  boundary  locations  as  a  function  of  MLT  and 
Kp  into  the  magnetospberic  equatorial  plane  using  the  Mead- 
Fairfield  model  [ Fairfield  and  Mead,  1975).  The  projected 
boundaries  were  fit  to  shapes  of  zero-energy  Alfvin  bounda¬ 
ries  derived  by  Ejiri  et  al.  (1978).  Best  fits  were  obtained  with 
shaping  factors  between  2  and  3  and  with  the  axis  of  symme¬ 
try  rotated  away  from  the  dawn-dusk  meridian.  The  results 
were  then  used  to  express  the  magnetospberic  electrostatic  po¬ 
tential  distribution  as  a  function  of  Kp. 

4KL,  <f>)  -  OMctO-ft  *  2.4  Kp)  •  10 -L1  sin  (*  -  fc.)  -  1/L] 

Ul) 

where  ft  is  the  angular  spin  velocity  of  the  earth,  B0  is  the 
magnetic  field  strength  at  the  magnetic  equator  on  the  eanh's 
surface.  Rt  is  the  radius  of  the  earth.  <t>  is  the  local  time  mea¬ 
sured  counter-clockwise  from  midnight,  4,,  is  the  counter¬ 
clockwise  rotation  of  the  stagnation  point  from  the  dawn-dusk 
meridian,  and  L  is  the  McIIwain  parameter.  This  equation 
was  derived  for  a  shaping  factor  of  2. 

The  present  study  has  shown  that  there  is  a  linear  relation¬ 
ship  between  VB,  and  Kp  for  B,  <  I  nT.  Combining  (11)  and 
(2)  gives  an  expression  for  the  magneiospheric  potential  distri¬ 
bution  as  a  function  of  the  interplanetary  electric  field 

♦(2..  <*>)  -  Q£.M(6.6  -  2.2  VB.)  ■  10-LJ 

•sin  <*-*,)-  1/L]  B,<  I  nT  (12) 

where  VB,  is  in  millivolts  per  meter.  To  test  the  validity  of  this 
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Fig.  9.  The  shape  of  the  magnetopause  in  the  equatorial  plane  as 
given  by  Mcllnain  (19721.  The  lines  with  arrows  show  the  values  of  L 
used  to  calculate  the  cross-magnetosphen c  potential  for  different  val¬ 
ues  of  Kp. 

equation,  we  calculate  the  cross-magnetospheric  potential 
drop  (A4»„)  and  compare  its  values  with  measured  cross  polar 
cap  potential  drops  (Ad*,*.). 

To  estimate  we  use  an  expression  for  the  position  and 
shape  of  the  magnetopause  in  the  equatorial  plane  given  by 
Mcllwain  [1972],  In  this  representation  the  magnetopause  lies 
at  a  distance  of  1 1  Rt  near  the  subsolar  point  and  flares  to  a 
distance  of  IS  Rt  at  the  dawn-dusk  meridian.  We  ignore 
storm-time  compressions  of  the  magnetosphere  in  our  calcu¬ 
lations.  Two  methods  of  calculating  A <t>m  are  used.  The  first 
method  sets  dv,  =  0  in  (1 1)  and  (12),  making  the  axis  of  sym¬ 
metry  the  dawn-dusk  meridian.  The  second  method  uses  em¬ 
pirical  values  of  1 given  in  Figure  12  of  Gussenhoven  el  al. 
(1981].  For  Kp  =  0,  the  axis  is  tilted  with  the  dusk  stagnation 
point  23°  to  the  nightward  side  of  the  dawn-dusk  meridian. 
For  higher  values  of  Kp  the  stagnation  point  rotates  sunward, 
reaching  a  constant  value  of  -45°  for  Kp  >  2.  In  Figure  9  we 
have  sketched  the  axes  of  symmetry,  indicating  approximate 
distances  to  the  dawnside  and  duskside  of  the  magnetopause 
for  Kp  -  0,  1,  2  and  Kp  >  2. 

In  Figure  10,  Ad>„  is  plotted  as  a  function  of  Kp,  VB„  and 
B,.  VB,  is  positive  when  the  interplanetary  electric  field  (IEF) 
is  directed  from  dawn  to  dusk  (positive  Y  in  standard  geocen¬ 
tric,  solar  magnetospheric  coordinates).  Values  of  B,  are  de¬ 
rived  from  VB,  by  using  a  solar  wind  speed  of  400  km/s.  The 
solid  line  calculations  assume  <b,  *  0,  i.e.,  the  dawn-dusk  meri¬ 
dian  is  the  axis  of  symmetry.  For  this  case,  A<J>m  increases  lin¬ 
early  from  6.5  k  V  for  Kp  —  0  to  65  k  V  for  Kp  -  6.  The  dotted- 
dashed  line  indicates  values  of  Ad>„  by  using  empirical  values 
of  <t> 0  and  axes  of  symmetry  indicated  in  Figure  9.  In  these 
calculations  A4>„  ranges  from  5.5  kV  for  Kp  -  0  to  95  kV  for 
Kp  «  6.  We  note  that  in  these  calculations  there  is  an  abrupt 
transition  in  the  trend  o<  A<1>„  near  Kp  “  2.  This  is  close  to  our 
independently  derived  ‘breakpoint’  in  B,.  A  possible  inter¬ 
pretation  is  discussed  below. 

For  reference,  in  Figure  10  we  have  also  plotted  average 
values  of  Ad*,,,  (dashed  line)  as  a  function  of  Kp  based  on  the  2 
weeks  of  OGO  6  electric  field  measurements.  Heppner  [1973] 
found  that  Ad*,,  increased  linearly  from  20  kV  for  Kp  -  0  to 
100  kV  at  Kp  -  6.  At  low  values  of  Kp,  the  DMSP  values  of 
Ad>„  are  not  sensitive  to  the  valuk  of  <t>a  and  are  considerably 
less  than  Heppner's  Ad*,,  With  values  of  ^  «  -45°  for  Kp  > 
2.  Ad>„  and  A$,r  are  of  comparable  magnitudes.  In  a  time  av¬ 
erage  sense  Ad*,,  and  Ad>„  are  coupled  through  the  process  of 
magnetic  reconnection  in  the  magnetotail.  The  two  quantities 


must  be  roughly  the  same,  since  on  average,  the  amount  of 
magnetic  flux  transferred  to  the  nightside  magnetosphere 
must  equal  the  amount  being  returned  to  the  daystde  magnet¬ 
osphere. 

We  emphasize  that  these  are  ‘average’  results  in  the  sense 
that  they  represent  least  square  fits  to  the  data.  Heppner  ( 1 97  J] 
pointed  out  that  the  Ad*,,  frequently  exceeds  100  kV  during 
periods  of  high  Kp.  Similarly,  both  in  the  present  work  and  in 
the  previous  work  of  Gussenhoven  et  al.  (1981)  for  cases  of 
large  negative  B,  and  high  Kp,  respectively,  the  latitude  of  the 
boundary  is  often  much  lower  than  the  average.  Since  such 
cases  correspond  to  the  Alfvtn  boundary  closer  to  the  earth 
than  average,  they  also  correspond  to  potentials  exceeding  100 
kV. 

Although  the  ‘average’  results  from  DMSP  and  OGO  are  in 
excellent  agreement,  the  DMSP  data  do  show  a  very  large 
scatter.  Much  of  this  results  most  likely  from  the  limitations  of 
using  hourly  averages  of  the  IMF  and  the  fixed  time  delays.  In 
addition,  however,  the  relationship  between  the  interplanetary 
and  magnetospheric  electric  fields  will  be  obscured  by  any 
process  producing  changes  in  the  electric  field  restricted  in 
magnetic  local  time.  Inductive  electric  fields  thought  to  be  as¬ 
sociated  with  substorms  [ Heikkila  and  Pellinen,  1977;  Hekkila 
et  al.,  1979]  could  produce  such  local  effect.  Indeed,  Kamide 
and  H'inntngham  [1977]  showed  that  for  a  given  value  of  B„ 
the  boundary  is  shifted  equatorward  by  2  or  3  degrees  be¬ 
tween  nonsubstorm  and  substorm  periods  consistent  with  an 
inductive  field. 

We  also  note  that  Kivelson  [1976]  reviewed  values  of  uni¬ 
form  magnetospheric  electric  fields  required  by  various  mod¬ 
els  in  the  literature.  The  results  summarized  in  Figure  1  of  Ki¬ 
velson  [1976]  show  electric  fields  that  range  from  0.5  to  0,7 
k V/Rc  at  Kp  -  0  and  from  1.4  to  1.6  kV//?£  at  Kp  -  5.  For  a 
distance  of  30  Rr  between  the  dawn  and  dusk  magnetopause, 
Ad*m  ranges  from  15  to  21  kV  at  Kp  ■■  0  and  from  42  to  48  kV 
at  Kp  **  5.  While  these  values  agree  with  Heppner’s  Ad*,,  for 
low  Kp,  they  are  significantly  below  both  OGO  6  and  DMSP 
values  for  Kp  —  5. 

That  the  best  boundary  correlations  are  obtained  with  1- 
hour  delayed  values  of  solar  wind/IMF  parameters  and  that 
the  correlations  break  down  with  B,  >  1  nT  are  consistent 
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Fig.  10.  A  comparison  of  tbe  cross  polar  cap  potential  drop  as  a 
function  of  Kp  from  Heppner  (1973)  (dashed  line),  the  cross-magneto- 
sphenc  potential  calculated  from  equation  (5)  with  e*  -  0  (solid  line), 
and  the  cross- magnetospheric  potential  calculated  from  equation  ($) 
by  using  the  empirical  values  of  in  the  work  of  Gussenhoven  et  al. 
||9$I]  (dotted-dashed  line). 
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with  the  picture  of  the  magnetosphere  as  a  ‘half-wave  recti¬ 
fier'  | Burton  ei  al ,  1975].  According  to  this  model,  at  the  time 
of  a  southward  turning  of  the  IMF.  magnetic  flu*  is  trans¬ 
ferred  from  the  dayside  to  the  nightside  magnetotail.  The  rate 
of  transfer  across  the  dawn-dusk  meridian  (in  webers  per  sec¬ 
ond)  is  equal  to  the  cross  polar  cap  potential  (in  volts).  Typi¬ 
cally,  magnetic  energy  is  built  up  in  the  magnetotail  for  about 
30  min  before  stresses  are  relieved  by  substorm-associated 
ring  current  injection  events.  Thus  the  establishment  of  stable, 
zero-energy  Alfvin  layers  should  take  place  more  than  a  half- 
hour  after  the  southward  turning  of  IMF  B,.  An  earlier  study 
of  the  data  set  presented  here  [Gussenhoven  ei  al  ,  1981] 
showed  a  high  correlation  between  A,  and  Kp.  This  result 
places  an  upper  bound  of  3  hours  for  the  establishment  of 
stable  Alfvin  boundaries. 

The  half-wave  rectifier  model  implies  that  an  IEF  with  a 
positive  Y  component  is  able  to  penetrate  to  the  inner  magnet¬ 
osphere.  Exactly  how  such  an  IEF  is  transmitted  into  the 
magnetosphere  across  the  magnetopause  is  unclear.  We  have 
shown  that  for  an  IEF  of  4  mV/m,  and  are  approxi¬ 
mately  100  kV.  For  such  a  case,  assuming  a  magnetosphcric 
cross-sectional  diameter  of  30  Rt,  the  cross-magnetospheric 
potential  drop  in  the  solar  wind  is  750  kV.  If  magnetic  field 
lines  connecting  the  polar  cap  and  magnetopause  are  equipo- 
tentials,  then  the  window  across  which  the  IEF  of  4  mV/m  is 
transmitted  must  have  a  solar  magnetospheric  Y  extent  of  ~4 
Rc  in  order  to  produce  the  observed  values  of  and 

In  the  half-wave  rectifier  model  for  periods  of  northward  B, 
the  IEF  is  decoupled  from  the  inner  magnetosphere.  This  is' 
consistent  with  the  present  DMSP  results  and  with  results 
from  other  recent  investigations  For  B,  >  1  nT  we  have 
shown  that  A,  is  not  strongly  correlated  with  either  B,  oi  the 
strength  of  the  IEF  VB,.  In  some  sectors  A,  moved  cqua- 
torward  with  increasingly  positive  B,  Maezawa  [1976]  found 
that  with  B,  >  1  nT,  polar  cap  currents  are  consistent  with 
sunward  convection  (dusk  to  dawn  electric  field)  in  the  polar 
cap.  This  hypothesis  has  been  confirmed  in  polar  cap  [ Burke 
ei  al.,  1979]  and  terella  [Podgomey  ei  al.,  1978]  electric  field 
measurements.  Following  Russell  [1972],  Maezawa  |1976]  in¬ 
terpreted  sunward  convection  in  the  polar  cap  as  resulting 
from  magnetic  merging  at  the  poleward  edge  of  the  dayside 
cusp.  In  this  model  convection  is  contained  entirely  in  two 
[Maezawa,  1976]  or  one  [Crooker,  1979]  convection  cells  in  the 
polar  cap.  In  agreement  with  the  half-wave  rectifier  model, 
the  IEF  drives  a  polar  cap  convection  that  is  decoupled  from 
the  inner  magnetosphere.  Burke  el  al.  [1979]  found  that  with 
B,  >  0.7  nT  and  sunward-antisunward  convection  cells  in  the 
polar  cap  there  was  still  significant  sunward  convection  in  the 
auroral  oval.  Crooker  [1979]  suggested  that  sunward  con¬ 
vection  in  the  auroral  zones  (which  cannot  be  explained  by 
merging  theory)  is  the  return  flow  from  antisunward  flow  in 
the  magnetospheric  boundary  layer.  The  DMSP  results  pre¬ 
sented  here  support  this  contention.  In  a  recent  study  of  the 
ionospheric  projection  of  the  boundary  layer  near  the  dawn- 
dusk  meridian,  Smiddy  et  al  [I960]  found  potential  drops  of 
S3  kV  on  the  duskside.  Assuming  similar  potential  drops 
across  the  dawnside  boundary  layer,  we  get  a  total  potential 
drop  of  s6  kV.  This  agrees  with  calculated  values  of  A4>„  re¬ 
quired  to  maintain  zero-energy  Alfvin  boundaries  during  pe¬ 
riods  of  low  magnetic  activity.  The  equatorward  movement  of 
A,  during  periods  of  increasingly  positive  B,  would  then  re¬ 
flect  as  yet  unexplained  stronger  coupling  between  (he  solar 
wind  and  the  boundary  layer  during  these  periods. 


Conclusion 

We  have  investigated  the  relationship  between  the  inter¬ 
planetary  magnetic  field  B .  component,  the  solar  wind  speed 
K  and  the  position  of  the  equatorward  boundary  of  electron 
precipitation  in  the  auroral  zone  We  find  that  the  boundary 
correlates  reasonably  well  with  both  B,  and  VB,  for  values  of 
B,  less  than  approximately  1  nT.  Above  I  nT,  the  correlation 
is  extremely  weak  and  the  slope  of  the  linear  fit  is  negative. 
No  meaningful  correlations  are  found  with  either  B*  or  VB,7. 
The  trend  in  the  slopes  and  intercept  for  the  correlations  of 
the  boundary  with  VB,  for  B,  <  1  nT  are  found  to  be  similar 
to  those  previously  reported  by  Gussenhoven  et  al.  [1981]  for 
correlation  with  Kp.  On  this  basis  we  are  able  to  show  that  Kp 
and  VB,  are  linearly  related  for  B,  <  1  nT  by  the  equation 

Kp  -  2.09(±0.20)  -  0.91(±0.19)FB, 

where  VB,  is  measured  in  millivolts  per  meter.  From  the  work 
of  Gussenhoven  et  al.  [1981]  we  derived  an  equation  for  the  av¬ 
erage  configuration  of  the  magnetosphere  potential  as  a  func¬ 
tion  of  VB,: 

*(A,  4>)  -  QB0Be2((6.6  -  2.2  VB,)  1( )-*L* 

■  sin  ($  -  4d)  -  1/A]  B,  <  1  nT 

The  potential  drop  across  the  magnetosphere  from  this  equa¬ 
tion  is  found  to  be  consistent  with  Heppner' s  [1973]  measure¬ 
ment  of  the  variation  of  the  cross  polar  cap  potential  as  a 
function  of  Kp.  We  interpret  the  breakdown  of  the  correlation 
at  B,  «  1  nT  in  terms  of  the  half-wave  rectifier  model  of  the 
magnetosphere  [ Burton  et  al,  I97S].  Below  I  nT  the  solar 
wind  electric  field  is  able  to  penetrate  into  the  magnetosphere. 
Above  1  nT  the  systems  are  decoupled. 
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Fig.  2.  Combined  north  pole  and  south  pole  coverage  of  the  orbital  ranges  shown  in  Figure  I. 


sector  boundaries.  We  summarize  them  here  and  extend  their 
application  to  the  midnight  and  noon  sectors. 

The  evening  boundary  was  generally  found  to  be  unambigu¬ 
ous  (90%  of  the  time)  and  was  determined  by  an  abrupt  change 
in  JTOT  The  point  at  which  JTOT  exceeded  107  (cm1  s  *r)~ 1 
was  a  good  'zero  order'  boundary  choice.  In  addition,  the 
evening  diffuse  aurora  characteristically  showed  a  dispersion  in 
energy  as  would  be  expected  if  the  boundary  region  maps  to 
quasi-stationary  Alfven  layers  resulting  from  the  large-scale 
cross-tail  electric  field,  i.e„  the  equatorward  boundary  of  elec¬ 
trons  with  increasingly  higher  energies  is  found  at  higher  lati¬ 
tudes  (greater  distance  from  the  earth  in  the  plasma  sheet). 

The  morning  boundary,  on  the  other  hand,  presented  many 
more  problems  and  could  only  be  unambiguously  determined 
70%  of  the  time.  The  principal  reason  for  this  is  a  gradient  in 
JTOT  with  increasing  latitude,  with  JTOT  often  only  slowly- 
rising  from  background  values.  In  addition,  the  energy  disper¬ 
sion  of  electrons  with  latitude  was  found  to  be  quite  variable. 
Often,  increases  in  higher-energy  (1-5  keV)  electrons  occurred 
at  lower  latitudes  than  increases  in  the  lower-energy  popu¬ 
lations  (100-400  eV).  Thus  the  morning  diffuse  auroral  bound¬ 
ary  is  often  marked  by  the  onset  of  a  weak  flux  of  low-energy 
electrons  and/or  a  weak  flux  of  higher-energy  electrons,  both  of 
which  make  the  position  of  the  boundary  difficult  to  determine 
precisely.  In  GHB  we  assumed  both  morning  and  evening 
boundaries  mapped  to  the  inner  edge  of  the  plasma  sheet. 

In  adding  midnight  sector  boundaries  the  only  problem  ad¬ 
ditional  to  those  for  the  evening  sector  was  found  in  the  post¬ 


midnight  region  (0000-0200  MLT)  Here  the  satellite  orbit  is 
more  nearly  east-west  such  that  the  boundary  is  approached 
obliquely,  making  the  transition  from  background  into  the 
aurora  a  long  one  in  both  time  and  distance  covered.  This 
presents  no  major  difficulty,  however,  since  the  change  in  mag¬ 
netic  latitude  over  this  time  interval  is  small  such  that  the 
corresponding  error  in  the  identification  of  the  latitude  of  the 
boundary  is  small. 

The  noon  sector  boundaries  have  all  the  ambiguities  associ¬ 
ated  with  the  morning  boundaries,  and  more.  The  diffuse  auro¬ 
ral  electron  flux  continues  to  decrease  as  magnetic  local  time 
increases  toward  noon.  Often  in  the  noon  sector  no  diffuse 
auroral  precipitation  is  seen  within  the  sensitivity  of  the  sensor 
and  the  first  clear  increase  in  number  flux  is  associated  with 


TABLE  1.  Latitudinal  Coverage  for  Given  MLT  Bins 


MLT 

Coverage  in  OGM* 

0000-0100 

5l'-90 

0100-0200 

60-90 

0200-0300 

64-90 

0300-0400 

66  -90' 

0400-0300 

55  -90 

1200-1300 

60-90 

13001400 

64'  -90 

1400-1300 

64-90 

1500  1600 

60-90 

'Corrected  geomagnetic  latitude 
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Fig.  3.  Integral  flux  in  (cm!  s  sr)' 1  (bottom  panel),  energy  flux  in  keV/cmJ  sr  s  (middle  panel),  and  average  energy  in  keV 
(top  panel)  of  precipitating  electrons  measured  by  the  DMSP  F2  satellite  passing  over  the  south  pole  on  December  12.  1978. 
These  values  are  plotted  as  functions  of  universal  lime  (in  seconds),  geographic  and  corrected  geomagnetic  latitudes  and 
longitudes,  and  the  magnetic  local  time  of  the  satellite  all  projected  to  an  altitude  of  1 10  km.  The  horizontal  line  is  drawn  at 
the  10"  integral  flux  level  The  vertical  line  at  —68.3  (-76.9  )  marks  the  evening  equatorward  diffuse  auroral  boundary  (the 
equatorward  cusp  boundary). 


cusp  precipitation.  The  percentage  of  cases  for  which  no  diffuse 
aurora  are  seen  ranges  from  1  to  2%  between  0900-  1 100  to  7 
to  8%  between  1100  and  1300,  rising  finally  to  30  to  90% 
between  1300  and  1500.  An  example  of  a  case  of  no  discernible 
dayside  diffuse  aurora  is  given  in  Figure  3.  The  satellite  first 
passes  over  the  evening  sector  near  2000  MLT.  A  typical  clear 
evening  auroral  boundary,  marked  by  a  vertical  solid  line,  is 
encountered  at  ~426  24  UT,  ACOM  =  —68.3  .  The  ramp  in 
EAVE  indicates  a  dispersion  in  energy  from  low  to  higher 
values  as  the  satellite  passes  to  higher  latitude.  The  satellite 
passes  over  the  polar  cap  and  moves  out  of  the  auroral  region 
a:  -  ilOri  MLT.  The  most  equatorward  dayside  precipitation 
with  JTOT  >  10’  (cm2  s  sr)' '  is  clearly  cusp  precipitation:  the 
average  energy  (EAVE  is  plotted  on  a  linear  scale)  is  less  than  a 
few  hundred  eV,  and  for  the  size  of  the  number  flux  (JTOT)  the 
energy  flux  (JETOTl  is  low.  (Compare  to  the  evening  diffuse 
aurora.)  The  low-latitude  ( -  50  to  -60  ),  smooth  increases  in 
JTOT.  JETOT.  and  EAVE  that  lie  below  the  cusp  on  the 
dayside  in  Figure  3  are  due  to  channcltron  contamination  from 
radiation  belt  particles  and  arc  not  of  interest  except  when  they 
obscure  an  auroral  boundary.  The  problem  of  radiation  belt 


contamination  in  boundary  selection  is  discussed  in  detail  both 
in  GHB  and  by  Cussenlmen  el  al.  [1982]. 

Figure  3  is  a  particularly  dear  example  of  no  perceptible 
dayside  diffuse  aurora.  Such  cases  are  easily  flagged.  What 
complicates  the  dayside  boundary  determination  are  cases  for 
which  diffuse  auroral  precipitation  is  very  weak  or  very  irregu¬ 
lar.  For  such  cases  the  equatorward  boundary  is  difficult  to 
determine  in  a  consistent  manner.  Furthermore,  we  were 
unable  to  find  any  relationship  between  the  occurrence  of  weak 
or  irregular  dayside  diffuse  aurora  and  Kp  and/or  magnetic 
local  time.  That  is.  the  full  range  from  regular  diffuse  aurora  to 
no  diffuse  aurora  hat  beer,  seen  ir.  ail  r. .  >•»  sector  lot-I  t::r.e 
bins  and  for  all  levels  of  magnetic  activity.  A  detailed  study  of 
the  dayside  diffuse  aurora  has  been  undertaken  in  order  to 
investigate  the  nature  of  particle  dynamics  in  this  region  and 
will  be  presented  elsewhere. 

More  than  20.000  auroral  boundaries  were  manually  selected 
using  the  data  sets  from  the  two  satellites.  The  data  used  were 
obtained  from  1977  to  1980.  In  order  to  have  a  good  statistical 
sample  for  correlations  with  Kp  a  concerted  effort  was  made  to 
obtain  at  least  20  boundaries  for  each  Kp  level  between  0  and 
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TABLL  2.  A  a  A0  4  *A> 


MLT 

Number* 

A0 

3 

CO 

0000-0100 

312 

66  1 

-1.99 

-0.80 

0100  0200 

220 

651 

- 1.55 

-0.68 

0400-0500 

267 

67  7 

-148 

-0.57 

0500-0600 

1123 

67* 

-1.87 

-0.71 

0600-0700 

2462 

68.2 

-1.90 

-0.74 

0700-0*00 

3159 

689 

— 1.91 

-0.76 

0*00-0900 

2159 

69.3 

-  1.87 

-0.73 

0900-1000 

117* 

69.5 

— 1.69 

-0.66 

1000  1100 

864 

69.5 

-1.41 

-0.57 

1100-1200 

513 

70.1 

— 1.25 

-0.52 

1200  1300 

353 

69.4 

-084 

-0.35 

1500-1600 

63 

70.9 

-0.81 

-0.34 

16001700 

204 

71.6 

-1.28 

-0.66 

1700-1*00 

526 

71.1 

-1.31 

-0.69 

1800-1900 

997 

71.2 

-1.74 

-0.82 

1900-2000 

2469 

704 

-1.83 

-0.82 

2000-2100 

3309 

69.4 

-189 

-0.82 

2100-2200 

3092 

68.6 

-1.86 

-0.79 

2200-2300 

1482 

67.9 

-1.78 

-0.77 

2300  2400 

461 

67.8 

-2.07 

-0.81 

•Number  of  boundaries  used  in  each  regression 
tCorrelation  coeflicient. 


5+  in  each  MLT  bin,  or  about  300  boundaries  per  bin.  In 
addition,  for  creating  an  auroral  boundary  index,  we  deter¬ 
mined  the  boundaries  for  every  polar  pass  of  the  F2  satellite  in 
the  year  1978.  The  1978  boundaries  disproportionately  increase 
the  size  of  the  dawn  and  dusk  local  time  samples. 


Fig  4a  Mean  values  and  standard  deviations  in  each  Kp  bin  as  a 
function  of  Kp  for  the  2300-2400  MLT  secior  The  solid  line  results 
from  a  linear  regression  performed  with  individual  boundary  determi¬ 
nations 


Fig.  46.  Same  as  Figure  4a  but  for  the  1 100-1200  MLT  sector. 


4.  Variations  of  Boundaries  With  Kp 

The  equatorward  diffuse  auroral  boundaries  were  sorted  into 
one-hour  magnetic  local  time  bins.  No  separation  was  made  by 
hemisphere.  Within  each  bin  a  linear  regression  was  performed 
on  the  boundaries  as  a  function  of  Kp,  resulting  in  a  Unear  fit  to 
the  data  of  the  form 

A  -  A0|  +  a,Kp  (1) 

In  (IL  A  refers  to  the  boundary  predicted  from  the  regression; 
A0l  and  x,  are  the  intercept  and  slope,  respectively,  for  the  ith 
magnetic  local  time  bin.  Table  2  lists  the  values  of  A0  and  a  for 
all  local  time  bins  except  the  four  in  which  there  were  insuffi¬ 
cient  data.  Also  given  are  the  number  of  boundaries  used  in 
each  regression  and  the  correlation  coefficient.  As  expected, 
those  magnetic  local  time  bins  that  are  Umited  in  latitudinal 
range  (and  therefore  in  Kp  range)  have  correlation  coefficients 
that  are  significantly  smaller  (i.e.,  less  negative)  than  those  from 
neighboring  local  times. 

For  a  given  regression  the  average  and  standard  deviation  is 
calculated  for  the  boundaries  at  each  Kp  value.  Figures  4o  and 
4b  are  plots  of  the  averages  and  the  standard  deviations  as  a 
function  of  Kp  for  the  local  time  intervals  2300-2400  and 
1100-1200,  respectively.  The  straight-line  fit  that  resulted  from 
using  all  values  of  AccM  (as  given  in  Table  2)  is  also  shown  in 
each  figure. 

The  boundary  behavior  in  the  midnight  sector  shows  many 
features  similar  to  those  of  the  evening  boundaries  and  present¬ 
ed  in  CHB.  The  averages  for  each  Kp  bin  fall  close  to  the 
regression  line.  The  standard  deviations  from  the  averages  vary 
from  -v  ±  l‘  to  -  ±  3C,  increasing  with  increasing  activity. 

The  boundaries  in  the  noon  sector  have  much  higher  stan¬ 
dard  deviations,  and  the  averages  have  considerable  scatter 
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around  the  regression  line.  The  much  greater  scatter  in  noon 
sector  boundaries  when  ordered  by  Kp  reflects  the  lack  of 
consistency  inherent  in  choosing  the  boundaries,  as  discussed 
above  The  scatter  results  in  much  weaker  correlations  in  the 
linear  regression  of  the  boundaries  with  Kp.  Table  2  shows  a 
continuous  decrease  in  the  absolute  value  of  the  correlation 
coeflicienl  from  dawn  to  noon.  Figure  4 h  also  illustrates  that 
the  slope  a  of  the  linear  lit  is  much  less  in  the  noon  sector  than 
the  midnight  sector.  This  greater  insensitivity  of  the  boundary 
to  magnetic  activity  persists  from  pre noon  to  1800  MLT.  In 
this  MLT  interval,  a  is  40-70"«  of  the  nighttime  values. 

A  direct  measure  of  the  degree  of  scatter  in  the  data  set 
unaccounted  for  by  the  ordering  in  K  p  is  obtained  by  subtract¬ 
ing  the  appropriate  regression  equation  from  each  boundary 
measurement  (A  s  ACOM  -  A)  and  determining  the  frequency 
distribution  of  these  residuals  (A).  The  residuals  were  binned  in 
intervals  of  1/10' .  The  number  in  each  bin  was  normalized  to  a 
total  of  1000  points.  The  percentages  of  the  total  number  of 
cases  for  which  the  residual  scatter  is  within  ±  1°,  ±  2°,  ±  3r  of 
zero  are  36. 65. 82%,  respectively,  for  the  entire  date  set.  A  plot 
of  the  distribution  of  the  residual  scatter  is  given  in  Figure  5  for 
the  normalized  total  number.  The  distribution  is  approximately 
Gaussian  with  a  sigma  of  about  2°. 

The  statistically  determined  auroral  oval  boundary  is  shown 
globally  for  Kp  *  0  and  Kp  «  5  in  Figure  6.  Here  the  values  of 
A0  (A0  +  5a)  are  plotted  as  crosses  (circles)  in  MLT-CGM 
coordinates.  Also  shown  are  best  circular  fits  to  the  data.  In 
each  case  the  circle  is  offset  from  the  magnetic  pole  along  the 
0240  MLT  longitude.  For  Kp  -  0,  the  circle  is  centered  at  87.6° 
and  has  a  radius  of  21.2'.  This  is  essentially  the  same  result 
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Fig  $.  Distribution  of  the  residual  scatter  in  the  boundary  set 
when  compared  to  linear  regression  values.  The  distribution  is  ac¬ 
cumulated  in  0. 1  bins  and  normalized  to  1 000  cases 
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Fig  6  Equatorward  boundary  of  the  auroral  oval  in  MLT-CGM 
coordinates  lor  high  and  low  levels  of  magnetic  activity.  The  points 
plotted  are  values  resulting  from  linear  regressions  performed  on  all 
boundary  values  The  dashed  circles  are  best  fits  to  the  data. 


reported  in  GHB  fitting  only  the  dawn  and  dusk  points.  For 
Kp-  5  the  circle  is  centered  at  85.8 :  and  has  a  radius  of  29.1°. 

As  in  GHB,  we  identify  the  equatorward  diffuse  auroral 
boundary  with  tbc  inner  edge  of  the  plasma  sheet  and  project 
the  ionospheric  boundaries  to  the  equatorial  plane  of  the  mag¬ 
netosphere  by  means  of  the  Mead-Fairfield  magnetic  field  map¬ 
ping  [Fairfield  and  Mead.  1975].  Figure  7  shows  the  projected 
boundaries  for  Kp  0.5  in  local  time/L  shell  coordinates  (solid 
lines).  We  have  chosen  to  project  the  circular  fits  in  Figure  6 
instead  of  either  the  actual  averaged  values,  or  the  linear 
regressed  values.  A,  at  Kp  0.5  since  this  results  in  smoothly 
varying  projected  plasma  sheet  boundaries.  For  low  Kp  and 
therefore  high-latitude  ionospheric  boundaries  the  distorted 
magnetic  field  geometry  is  such  that  only  a  few  degrees  vari¬ 
ation  in  the  ionosphere  can  map  to  a  large  fraction  of  an  L  shell 
variation  in  the  ecliptic  plane.  For  this  case  using  the  circular  fit 
can  result  in  some  inaccuracy.  For  the  Kp  -  5  case,  however, 
the  field  lines  along  which  the  boundary  is  projected  are  more 
nearly  dipolar  and  therefore  quite  insensitive  to  small  vari¬ 
ations  in  the  boundary  position.  Also  shown  in  Figure  7 
(dashed  lines)  are  the  plasma  sheet  boundaries  for  Kp  0,5  that 
are  predicted  m  GHB  using  a  Volland-Stem  convection  electric 
field  with  y  -  2  and  for  the  empirically  fit  stagnation  distances. 
The  offset  in  the  low-Kp  auroral  oval  appears  to  require  a 
noon-midnight  offset  in  the  symmetry  of  the  convection  electric 
field  to  best  fit  the  data.  Otherwise,  the  agreement  between  the 
full  data  set  and  the  earlier  determined  dependencies  of  £  on 
Kp  are  quite  good  and  will  not  be  repeated  or  modified  here.  It 
is  important  to  note  that  the  need  to  rotate  the  axis  of  sym¬ 
metry  of  the  convection  electric  field  in  local  time  as  a  function 
of  Kp  which  was  reported  in  GHB  is  also  found  here. 

S.  Auroral  Boundary  Index 

The  systematica  of  the  ionospheric  auroral  boundary  were 
toed  in  section  4  and  in  GHB  to  model  large-scale  statistical 
variations  in  the  convection  electric  field  We  can  also  use  the 
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individual  boundary  measurement  as  an  indicator  of  iono¬ 
spheric  aurora)  activity  and  to  estimate  the  position  of  the 
entire  oval.  The  question  we  address  in  this  section  is  in  what 
form  should  the  boundary  information  be  presented  in  order  to 
serve  as  an  index  of  auroral  activity? 

A  measured  boundary.  Aco*.  in  the  ith  MLT  bin,  can,  by 
inverting  equation  (1 ).  predict  a  value  of  Kp  : 

Kp  =  (Accm  —  A0l)i,  (2) 

In  (2)  the  predicted  Kp  value  is  labeled  Kp\  and  the  values  of 
A0l  and  a,  are  given  in  Table  2.  The  Kp'  in  (2)  is  an  instanta¬ 
neous  value,  not  a  3-hour  averaged  value,  as  is  Kp.  A  3-hour 
averaged  value  of  Kp'.  Kp',  can  be  constructed  by  directly 
averaging  values  of  Kp'  found  from  all  the  boundaries  obtained 
within  the  same  3-hour  interval  used  for  Kp.  A  scatter  plot  of 
Kp  versus  Kp'  (labeled  KPRIME)for  the  month  of  March  1978 
is  shown  in  Figure  8.  The  straight  lines  show  the  results  of 
performing  the  linear  regressions  on  both  Kp  versus  Kp'  (line 
ending  in  dot)  and  Kp'  versus  Kp.  The  correlation  coefficients 
are  greater  than  0.8.  Correlation  coefficients  for  similar  regres¬ 
sions  on  data  from  the  other  months  in  1978  range  from  0.77  to 
0.89 

Although  there  is  great  familiarity  with  the  Kp  index  among 
magnetosphere  researchers,  and  an  estimate  of  its  value  from 
satellite  data  is  of  interest,  particularly  if  produced  in  real  time, 
there  are  several  reasons  why  a  Kp  index  derived  from  bound¬ 
ary  measurements  could  be  confusing  or  even  misleading.  First, 
the  boundary  measurement  is  not  a  magnetic  activity  measure¬ 
ment,  as  is  Kp.  From  the  high  correlation  between  boundary 
position  and  Kp  we  conclude  that  the  two  are  strongly  coupled; 
however,  the  relationship  is  not  a  dear  causal  one.  A  derived 
Kp'.  as  such,  confuses  the  nature  of  the  source  of  the  index  and 
suggests  that  the  magnetic  activity  drives  the  boundary  posi¬ 
tion  Second,  it  is  clear  from  Figure  8  that  a  rather  broad  range 
of  Kp'  values  occurs  for  a  given  Kp  .  in  excess  of  ±  I  units.  This 
directly  reflects  the  range  of  boundaries  that  can  occur  in  a 
given  MLT  bin  for  a  given  Kp  and  is  not  necessarily  a  measure 
of  the  quality  of  the  Kp'  index  Such  comparisons  will  be  hard 


Fig.  7  Projection!  of  circular  fils  of  Kp  0,5  ionospheric  auroral 
boundaries  to  the  ecliptic  plane  using  the  magnetic  field  models  for 
Kp  <  2,  >  2,  respectively  (solid  lines),  and  plasma  sheet  boundaries 
calculated  from  a  Volland-Slern  convection  electric  field  model  with 
y  »  2  and  stagnation  and  rotation  values  fitted  by  CHB  (dashed  lines) 
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Fig  8.  Scatter  plot  of  the  values  of  Kp  versus  corresponding 
3-hour  average  value  of  Kp'  (labeled  KPR1ME)  when  Kp  is  calculated 
using  morning  and  evening  equatorward  auroral  boundaries  obtained 
in  March  1978.  The  result  of  performing  a  linear  regression  on  Kp 
IKp")  versus  Kp‘  (Kp)  is  shown  by  the  straight  line  ending  in  a  dot  (not 
ending  in  a  dot).  The  correlation  cocflicient,  slope,  and  intercept  of  the 
Kp  versus  Kp '  line  are  shown  in  the  upper  right-hand  comer. 


to  avoid  if  Kp’  is  used.  Third,  because  of  the  nature  of  the 
boundary  data  the  Kp'  will  contain  a  nonuniform  number  of 
points,  from  0  to  1 1,  depending  on  data  gaps  and  where  in  the 
3-hour  interval  the  first  boundary  falls.  In  addition,  the  averag¬ 
ing  process  itself  decreases  the  possible  temporal  resolution. 
The  boundary  measurements  (2  per  SO  min)  have  a  time  resolu¬ 
tion  more  appropriate  to  substorm  activity  than  the  3-hour  Kp 
interval.  Using  an  instantaneous  Kp'  is  again  promoting  con¬ 
fusion  in  interpretation. 

The  most  direct  index  is  simply  the  boundary  itself,  tagged  by 
both  universal  and  local  time.  The  large  offset  of  the  auroral 
oval  in  magnetic  coordinates  toward  higher  latitudes  at  noon 
and  lower  latitudes  at  midnight  makes  use  of  multi-local  time 
values  of  the  boundary  difficult  at  best.  We  can,  however,  scale 
each  boundary  to  a  boundary  in  a  single  MLT  bin  by  way  of 
Kp'.  This  procedure  necessarily  involves  use  of  the  statistical 
results  in  section  2  (as  would  be  the  case  if  Kp  were  used),  but 
there  is  no  avoiding  this  in  any  attempt  at  removing  local  time 
effects  from  the  boundary  set.  If  the  boundaries  are  scaled  to 
midnight,  the  equivalent  midnight  boundary  is 

A*  «  A0*  +  auKp'  (3) 

where  the  subscript  M  stands  for  the  local  time  sector  2300- 
2400.  Substituting  from  (2)  to  eliminate  Kp'  gives 

Aw  «  ^A0w  -  ~  Ao,^  +  ~  Acgm  (4) 

Thus  A*  is  the  midnight  oval  boundary  which  is  predicted 
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from  the  measured  boundary.  ACCM.  in  the  ith  local  time  bin. 
using  the  statistically  determined  oval  position  summarized  in 
Table  2. 

Equivalent  midnight  boundaries  plotted  as  a  function  of 
universal  time  for  March  1978  are  given  in  F  igures  9j  and  9b, 
separately  calculated  from  the  evening  and  the  morning  bound¬ 
aries.  respectively.  In  principle  the  two  sets  of  equivalent 
boundaries  should  be  combined  to  give  the  the  highest  possible 
time  resolution  However,  in  comparing  the  two  sets  it  is  clear 
that  there  are  times  when  the  equivalent  midnight  boundary 
derived  from  morning  sector  boundaries  is  systematically 
higher  (day  64)  than  that  derived  from  the  evening  sector 
-0'.;-  lyrics.  lower  id  ay  71i.  is  lagging  the  evening  increases  or 
decreases  (days  7t>.  81),  or  is  nearly  the  same  (day  88).  In 
addition,  the  equivalent  midnight  boundaries  derived  from  the 
morning  sector  boundaries  have  more  abrupt  and  larger  vari¬ 
ations  from  point  to  point  than  those  derived  from  the  evening 
sector  due.  at  least  in  part,  to  the  weaker  correlation  with  Kp 
and  greater  ambiguity  in  boundary  selection.  For  these  reasons 
we  choose  to  reduce  the  temporal  resolution  in  the  auroral 
boundary  index  by  using  only  equivalent  midnight  boundaries 
from  the  evening  sector  for  index  v  alues.  To  reiterate,  evening  is 
chosen  over  the  morning  for  three  reasons:  (I)  the  evening 
boundaries  are  easier  to  choose  with  greater  confidence  than 
the  morning  boundaries.  (2)  the  correlations  of  the  evening 
boundaries  with  Kp  in  a  given  local  time  bin  have  smaller 
scatter  and  higher  correlation  coefficients  than  morning  bound¬ 
aries.  anj  3)  the  midnight  equivalent  boundary  derived  from 
the  evening  boundary  varies  more  smoothly  than  that  derived 
from  the  morning  boundary. 

Wc  define  the  auroral  boundary  index  to  be  the  projected 
midnight  equatorward  boundary  found  using  an  evening  sector 
boundary  determined  from  precipitating  electron  increases  and 
the  statistically  determined  systematic  local  time  variation  of 
the  oval.  During  periods  of  good  data  accumulation  there  will 
be  one  index  value  approximately  every  55  min.  The  auroral 
boundary  index  is  presented  month  by  month  for  1978  in  the 
appendix  Figures  A l-A  1 2. 

6.  Summary  and  Discussion 

The  systematics  of  the  diffuse  auroral  oval  boundary  statis¬ 
tically  determined  from  precipitating  electron  data  and  present¬ 
ed  here  extend  previous  results  to  include  almost  all  local  time 
sectors  of  the  oval.  Overall,  the  boundary  is  found  to  be  well 
ordered  by  Kp,  moving  to  lower  latitudes  with  increasing  mag¬ 
netic  activity.  The  boundary  is  most  sharply  defined  in  the 
evening  and  midnight  sectors,  where  it  has  a  well-ordered  dis¬ 
persion  in  energy  with  latitude  and  can  be  determined  with  a 
high  degree  of  confidence.  The  boundary  in  these  sectors  also 
correlates  most  highly  with  Kp  and  is  most  sensitive  to  vari¬ 
ations  in  Kp  For  local  times  from  the  midnight  to  the  dawn 
sector  the  precipitation  onset  becomes  more  gradual,  the  dis¬ 
persion  in  energy  irregular,  and  the  confidence  level  in  the 
boundary  choice  decreases  The  boundary  still  responds  to 
changes  ir,  Kp  but  more  weakly,  and  the  scatter  from  average 
values  increases  From  dawn  to  the  noon  sector  the  diffuse 
auroral  boundary  becomes  progressively  less  clear  and  can 
disappear  altogether.  Mthough  an  expansion  of  the  dayside 
boundary  with  Kp  is  still  found  to  exist  statistically,  the  corre¬ 
lation  with  Kp  is  much  reduced  and  the  overall  variation  from 
low  to  high  magnetic  activity  less  than  in  any  part  of  the 
midnight  sector 

In  magnetic  local  time  (and  corrected  geomagnetic  latitude) 


the  equatorward  auroral  boundary  can  be  well  fit  by  a  circle 
whose  center  is  offset  from  the  magnetic  pole  in  the  postmid- 
night  direction  A  circular  fit  is  good  at  each  Kp  level,  the 
circular  radius  increasing  with  increasing  activity 

It  is  just  this  systematic  behavior  that  makes  the  equator- 
ward  auroral  boundary  a  potential  index  of  auroral  activity 
and  of  large-scale  magnetospheric  particle  dynamics  It  also 
allows  a  statistical  projection  of  the  entire  oval  from  a  single 
boundary  measurement  To  be  useful  to  a  wide  range  of  re¬ 
searchers.  an  index  for  a  physical  system  should  fulfill  certain 
criteria  Some  that  are  suggested  by  the  success  (and  failure)  of 
other  indices  are  as  follows:  The  index  should  have  a  clear 
relations  h>r  to  those  facto's  tra'  determine  the::  dynamics  of  the 
system.  The  possibility  of  ambiguity  in  interpretation  should  be 
minimized.  The  index  should  have  appropriate  temporal  reso¬ 
lution  and  consistent  temporal  coverage.  The  index  should  not 
consume  excessive  resources  in  preparation,  and.  if  at  all  possi¬ 
ble.  should  be  prepared  automatically,  in  near  real  time. 

Since  the  first  criterion  is  fundamental,  we  address  it  first. 
The  magnetic  activity  index  Kp  was  used  to  order  the  equator- 
ward  boundaries.  It  was  used  primarily  because  of  its  avail¬ 
ability  and  widespread  use.  However,  Kp  was  found  to  order 
the  boundaries  better  than  either  the  solar  wind  parameters 
[Hardy  el  ai,  1981]  or  other  magnetic  indices,  such  as  AE,  Dsl, 
etc.  (unpublished).  Both  the  increase  in  magnetic  activity  mea¬ 
sured  at  ground  stations  [Kp).  and  the  motion  of  the  diffuse 
auroral  boundary  (ACOM)  are  principally  responsive  phenome¬ 
na:  that  is.  they  occur  as  a  result  of  dynamical  processes 
throughout  the  magnetosphere.  As  such,  their  relation  to  one 
another  is  of  lesser  importance  and  has  less  research  value  than 
their  individual  relationships  to  magnetospheric  configura¬ 
tions. 

There  is  widespread  agreement  that  the  immediate  source  of 
precipitating  diffuse  auroral  electrons  is  the  central  plasma 
sheet  [y asyliunas,  1970;  Lassen.  1974;  Winninghamet  ai.  1975; 
Lui  el  at..  1977;  Meny  el  at.,  1979],  The  inner,  or  earthward, 
boundary  of  the  central  plasma  sheet  is  principally  determined 
by  a  quasi-static  magnetospheric  convection  electric  field  w  hich 
is  the  sum  of  cross-tail  and  corotation  electric  fields.  Electrons 
are  convected  toward  the  earth  from  the  distant  tail  by  the 
cross-tail  field.  As  they  near  the  earth  they  also  drift  counter¬ 
clockwise  under  the  influence  of  the  increasing  corotation  field. 
The  combined  motion  ultimately  moves  electrons  not  lost 
through  precipitation  into  the  ionosphere  out  through  the  day- 
side  magnetopause.  Calculations  of  trajectories  of  particles  in 
the  crossed  magnetic  and  electric  fields  of  the  magnetosphere 
have  been  made  by  many  researchers  [see.  e.g..  K  ivelson  and 
Southwood,  1975;  Cowley  and  Ashour-Abdalla.  1976;  Ejiri, 
1978:  Soulhwood  and  Kaye.  1979],  Under  the  following  con¬ 
ditions:  (1)  time  stationary,  (2)  no  polarization  electric  fields, 
and  (3)  no  electron  losses;  the  electron  motion  in  a  dipolar 
magnetic  field  and  a  Volland-Stem  electric  field  has  the  follow¬ 
ing  properties.  (I)  The  trajectories  are  symmetric  about  the 
dawn-dusk  axis,  as  is  the  most  earthward  trajectory.  (2|  the 
trajectories  of  electrons  with  increasing  kinetic  energy  (or  more 
precisely ,  magnetic  moment,  which  is  a  conserved  quantity  i  are 
confined  to  positions  increasingly  distant  from  the  earth,  and 
(3)  electrons  of  given  magnetic  moment  that  reach  positions 
nearest  the  earth  are  convected  in  from  the  dusk  flank  of  the 
tail. 

Figure  7  clearly  shows  that  the  projected  plasma  sheet 
boundary  is  not  symmetric  about  the  dawn-dusk  axis.  We 
suggest  three  possible  causes  for  this  asymmetry:  (I)  shielding 
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polarization  electric  fields.  |2|  an  energy -dependent  loss  mecha¬ 
nism.  and  t.?l  a  local-time-dependenl  loss  mechanism  In  the 
first  of  these  a  charge  separation  electric  field  is  established  in 
the  plasmasphere  that  cancels  out  the  imposed  magnetospheric 
electric  field  Electrons  are  thus  excluded  from  this  region  be¬ 
cause  their  trajectories  take  them  to  greater  radial  distances  or 
to  the  magnetopause  The  second  possibility  is  that  the  rate  at 
which  electrons  of  a  given  energy  precipitate  is  high  enough 
that  all  electrons  of  that  energy  are  lost  before  they  base  time  to 
cons  eel  around  to  the  noon  sector  If  this  effect  w  ere  more 
pronounced  for  low-energy  electrons,  we  would  expect  to  see  a 
less  well-defined  boundary  and  a  harder  diffuse  aurora  from 
midnight  to  noon,  as  is  the  case.  The  boundary  is  then  at  a 
higher  latitude  and  no  longer  reflects  (he  projection  of  the  zero 
energy  Alfven  layer.  Finally,  the  mechanisms  that  continually 
scatter  electrons  into  the  loss  cone,  causing  diffuse  auroral 
precipitation,  could  be  weaker  in  the  noon  sector  for  low- 
energy  particles.  Again,  the  effect  would  be  to  move  the  bound¬ 
ary  poleward.  By  limiting  the  auroral  boundary  index  to  eve¬ 
ning  boundary  measurements  we  more  directly  reflect  the  state 
of  the  magnetospheric  convection  electric  field  and.  in  particu¬ 
lar.  rhe  field  found  in  the  dusk  flank  of  the  magnetosphere. 

Although  the  morning  boundaries  are  not  used  in  the  index, 
they  constitute  a  valid  data  set  that  can  be  applied  to  studies  of 
diffuse  auroral  processes  The  high  correlations  of  morning 
boundaries  with  Kp  for  local  times  well  past  dawn  indicate  that 
the  loss  processes  are  not  great  enough  to  erode  the  parent 
plasma  sheet  population  to  the  point  t  hat  large-scale  convec¬ 
tive  patterns  are  destroyed.  The  convection  electric  field  still 
dominates  the  boundary  systematics.  Nevertheless,  if  the  next 
most  important  quasi-stationary  effect  on  the  position  and 
energy  characteristics  of  the  diffuse  aurora  is  the  loss  process, 
the  morning  boundary  data  set  could  be  used  to  evaluate 
models  of  loss  when  they  include  the  convection  electric  field. 
There  are  reports  of  such  calculations  [Fontaine  and  Blanc, 
1983]  which  have  interesting  conclusions  concerning  the  appli¬ 
cability  and  nonapplicability  of  strong  pitch  angle  diffusion.  At 
this  stage  in  the  development  of  such  models,  case  studies 
,  rather  than  statistical  studies  are  probably  a  more  appropriate 
form  of  analysis.  Until  a  quantitative  assessment  of  particle  loss 
on  the  morning  boundary  position  is  made,  identifying  other 
differences  between  morning  and  evening  projected  equivalent 
boundaries  w  ith  previous  levels  of  magnetic  activity,  interplan¬ 
etary  conditions,  magnetospheric  asymmetries,  and  other  ef¬ 
fects  is  speculative  at  best. 

The  second  criterion,  that  the  index  should  be  unambiguous, 
is  the  reason  the  evening  boundaries  are  scaled  to  one  local 
time  (2300  2400  MLT).  The  scaling  requires  use  of  the  statis¬ 
tical  variations  of  the  boundaries  with  Kp  in  order  to  eliminate 
the  local  time  dependence.  There  are  a  variety  of  other  ways  to 
do  this:  by  coordinate  redefinition,  statistically  ordering 
boundaries  in  two  different  local  time  sectors,  and  so  on.  How¬ 
ever.  scaling  by  means  of  the  Kp  dependence  appeared  to  be  the 
clearest  and  simplest  alternative. 

index  plots  in  the  Appendix,  for  the  large-scale  variation,  and 
that  which  probably  reflects  the  magnetospheric  convection 
electric  field,  the  resolution  is  good.  For  more  impulsive  events, 
such  as  substorms,  it  is  marginal 

finally,  it  should  be  again  noted  that  the  index  given  in  the 
appendix  was  created  from  equatorward  boundaries  which 
were  chosen  by  hand  The  process  was  tedious  and  required  an 
extensive  and  time-consuming  system  of  checking  to  avoid 
recording  and  interpolation  errors.  It  has  been  pointed  out 


above  that  the  DMSP  satellites  are  operational.  Thus  barring 
satellite  failure,  the  data  base  for  continuous  production  of  the 
index  will  exist  In  order  to  make  index  production  feasible  an 
algorithm  for  choosing  the  equatorward  boundary  from  the 
raw  telemetry  data  stream  has  been  developed  [ Hardv  and 
Holetmm.  1983],  The  algorithm  was  tested  and  revised  by  com¬ 
parison  of  1978  computer-chosen  boundaries  with  the  1978 
hand-chosen  boundaries.  Although  a  small  percentage  of  cases 
did  show  large  boundary  differences,  overall  the  two  methods 
were  comparable  Perhaps  more  important,  each  set  had  ap¬ 
proximately  the  same  internal  consistency  The  algorithm  is 
currently  in  place  for  the  DMSP  F6  satellite  A  report  on  the 
comparison  of  the  two  sets  of  boundaries  as  well  as  a  listing  of 
all  1978  boundaries  is  available  in  the  work  by  Gussenhoven  ei 
u/.  [1982]. 

Appendix:  Auroral  Boundary  Indlx 
Each  value  of  the  auroral  boundary  index  is  a  projected 
midnight  equatorward  auroral  boundary  found  using  an  actual 
evening  sector  boundary  and  the  statistically  determined  sys¬ 
tematic  local  time  variation  of  the  auroral  oval.  The  index  is 
presented  in  Figures  AI-A12  as  a  function  of  universal  time,  by 
month,  for  1978. 
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ABSTRACT 

Equatorward  boundaries  of  electron  precipitation  in  the  auroral  zone 
measured  by  the  DMSP/F2  satellite  in  1978  are  correlated  with  D  and  AE 
indices.  In  the  evening  local  time  sector  (19-22  corrected  geomagnetic  local 
time),  linear  correlation  coefficients  of  the  boundary  latitude  versus  AE  are 
highest  (.80-. 87)  when  AE  is  averaged  over  intervals  of  4-5  hours  preceding  a 
boundary  determination.  In  the  morning  sector  (04-08  CGLT),  maximum 
correlations  are  lower  (ccB- 70-. 80)  and  occur  for  AE  averages  of  2-3  hours. 

i  2 

Multiple  linear  correlations  involving  one  hour  D  values,  AE,  and  AE  yield 

S  L 

correlation  coefficients  of  .88  at  19-22  CGLT  (4  hour  AE  averages)  and  .83-. 85 
at  04-06  CGLT  (2  hour  averages). 

I.  INTRODUCTION 

A  data  base  of  equatorward  auroral  boundaries  has  been  established  using 
precipitating  electron  data  from  the  SSJ/4  sensors  on  the  DMSP/F2  and  F4 
satellites  from  1978  to  1980  (Gussenhoven  et  al.,  1981,  1983).  The  variations 
of  the  boundaries  with  magnetic  activity,  as  measured  by  KP,  and  with  solar 
wind  parameters  have  been  studied  as  a  means  of  investigating  magnetospheric 
electric  fields  under  the  assumptions  a)  that  the  inner  edge  of  the  electron 


population  in  the  central  plasma  sheet  is  the  electric-field-produced  zero- 
energy  Alfven  boundary,  and  b)  that  the  inner  edge  map6  to  the  equatorward 
boundary  of  the  diffuse  aurora  (Gussenhoven  et  al.,  1981;  Hardy  et  al. ,  1981; 
and  for  justification  of  the  assumptions,  see  Lul  et  al.,  1975;  and  Fontaine 
and  Blanc,  1983).  The  systematic  nature  of  the  boundary  variations  with  KP 
has  been  established  using  either  particle  or  optical  data  by  several  other 
research  groups  as  well  (Lui  et  al.,  1975;  Meng  et  al.,  1977;  Kamide  and 
Wlnnlngham,  1977;  Sheehan  and  Caronllano,  1978;  and  Slater  et  al.,  1980).  The 
extremely  high  correlations  of  the  boundary  with  KP  in  one-hour  evening  local 
time  zones  (better  than  0.8),  and  the  regularity  of  boundary  crossings  by  the 
DMSP  satellites  led  Gussenhoven  et  al.  (1983)  to  introduce  an  index  of  auroral 
activity  derived  from  the  projection  of  boundaries  measured  at  various  local 
times  to  midnight. 

Despite  the  proven  regularity  of  variations  in  the  equatorward  auroral 

boundary  with  KP,  the  use  of  KP  as  an  organizing  parameter  of  these  and  other 

auroral  data  is  frequently  criticized,  the  principal  reason  being  difficulty 

in  relating  KP  directly  to  magnet ospheric  processes.  This  paper  uses  the 

existing  set  of  DMSP  auroral  electron  boundaries  to  study  the  variations  in 

the  boundary  position  for  given  magnetic  local  times  as  a  function  of  the 

auroral  electro jet  (AE)  and  D  magnetic  indices.  AE  is  a  high  latitude  index 

that  monitors  electrojet  current  strength  from  a  set  of  magnetometer  stations 

around  the  auroral  zone.  D  is  a  low  latitude  index  sensitive  to  ring 

st 

current  fluctuations  in  response  to  magnetospheric  conditions,  especially 
magnetic  storms.  These  indices  are  more  physical  than  the  Kp  index  and  can  be 
easily  averaged  over  any  desired  time  interval. 


II.  THE  AURORAL  BOUNDARY  DATA  BASE 


The  auroral  boundaries  used  in  this  study  are  taken  from  the  listings 

given  in  Sussenhoven  et  al.  (1982).  A  full  description  of  the  DMSP  orbits, 

the  SSJ/4  sensor,  and  the  method  of  selecting  electron  boundaries  is  given  in 

Gussenhoven  et  al.  (1981,  1983).  The  boundaries  we  use  here  are  confined  to 

the  year  1978,  for  which  AE  data  were  readily  available  at  the  time  of  the 

study.  The  data  from  which  the  1978  boundaries  were  derived  are  taken  onboard 

the  DMSP/F2  satellite.  Briefly,  the  DMSP/F2  satellite  ^as  a  dawn-dusk, 

sun-synchronous,  polar  orbit  at  840  km  altitude  and  a  period  of  101  min.  Good 

magnetic  local  time  coverage  of  the  high  latitude  region  extends  from  05  to  10 

on  the  morningslde,  and  17  to  22  on  the  eveningside,  when  data  from  both 

hemispheres  are  combined.  The  SSJ/4  particle  detectors  onboard  measured 

precipitating  electrons  in  the  energy  range  50  eV  to  20  keV  in  16  energy 

channels  and  returned  a  complete  spectrum  once  per  second.  The  equatorward 

precipitating  electron  boundaries  are  determined  by  examining  the  variation  in 

the  directional  integral  number  flux  over  the  high  latitude  region.  The 

boundary  is  chosen  when  the  flux  rises  and  stays  above  background  as  one 

proceeds  poleward  from  low  latitudes  on  either  side  of  the  oval.  In  general, 

this  boundary  is  very  well  defined  on  the  eveningside  (and  can  often  be 

quantitatively  specified  as  the  point  at  which  the  flux  exceeds 
7  2 

10  e/cm  s  st).  The  morning  boundaries  are  also  clear  for  the  most  part,  but 
because  of  extended  gradients  in  the  flux  at  the  boundaries,  have  more 
ambiguity  than  on  the  eveningside.  Details  of  other  problems  in  selecting 
boundaries  can  be  found  in  the  above  references. 

III.  BOUNDARY  VARIATIONS  WITH  AE  AND  DST 

Correlations  with  AE.  One  minute  average  values  of  the  auroral 


electro jet  Index,  AE,  were  assigned  to  the  auroral  boundaries.  The  boundaries 

were  sorted  in  50  nT  bins  of  AE  for  each  one-hour  corrected  magnetic  local 

time  (CGLT)  bin,  and  averaged.  Figure  1  shows  the  variation  in  the  average  as 

a  function  of  AE  for  the  hourly  local  time  interval  21-22  CGLT  and  for  north 

pole  data.  Error  bars  indicate  the  standard  deviation  of  the  averages,  given 

by  o  /N,  where  o  is  the  sample  standard  deviation,  and  N  is  the  number  of 
s  s 

points  in  the  sample.  Except  for  fluctuations  at  the  highest  AE  values,  the 
boundaries  show  a  systematic  decrease  with  increasing  AE. 

Linear  regressions  were  performed  for  each  local  time  bin  using  the 
corresponding  one  minute  AE  value  for  each  boundary.  Data  from  the  north  and 
south  poles  were  maintained  separately.  The  results  are  given  in  Table  1. 
Local  times  for  which  the  sample  number  is  less  than  300  are  not  listed  in  the 
table.  Here,  N  is  the  number  of  samples;  XQ  is  the  intercept,  and  a  the  slope 
in  the  regression  formula:  X  "  XQ  +  a  •  AE,  where  x  is  the  measured  boundary; 
and  CC  is  the  correlation  coefficient  for  the  regression.  For  these  same 
local  time  zones,  the  previous  correlation  coefficients  for  the  boundary 
variations  with  KP  ranged  from  0.66  to  0.82,  with  approximately  the  same 
internal  variations  with  local  time.  Thus,  the  "instantaneous”  AE  value 
orders  the  equatorward  boundary  of  electron  precipitation  less  well,  in  a 
linear  sense,  than  KP. 

Two  straightforward  reasons  for  lower  correlations  of  the  boundaries  with 
AE  than  with  KP  suggest  themselves.  One  is  that  KP,  a  three-hour  index, 
integrates  over  many  magnetospheric  parameter  changes  taking  place  on  multiple 
time  scales  to  which  the  boundary  cannot  be  individually  sensitive.  The 
second  is  that  a  linear  functional  form  is  not  the  best  for  fitting  to  AE. 
Since  KP  is  a  quasi-logarithmic  measure  of  magnetic  activity  and  AE  gives  a 
linear  response,  a  functional  form  which  is  logarithmic,  or  has  higher  powers 


of  AE,  may  be  more  appropriate*  That  this  is  the  case  is  also  suggested  by 
Figure  1.  We  examine,  in  detail,  the  first  possibility  below,  and  discuss  the 
refinements  in  correlation  made  by  changing  the  functional  form  of  AE  in  the 
section  on  multiply  correlating  AE  and  D  . 

Table  2  is  a  summary  of  the  results  of  performing  a  regression  analysis 
on  the  equatorward  boundary  when  the  corresponding  AE  value  used  is  the 
average  over  the  one-hour  interval  preceding  the  boundary  determination.  With 
the  exception  of  one  local  time  bin  (05-06,  north  pole),  an  improvement  in 
correlation  results.  The  increase  in  the  correlation  coefficient,  in  the 
negative  sense,  is  typically  between  0.05  and  0.1  points. 

Another  byproduct  of  averaging  AE  is  a  systematic  effect  involving  the 
regression  line  parameters.  Comparison  of  Table  1  (1  min  AE  averages)  and 
Table  2  (1  hour  AE  averages)  reveals  that  averaging  produces  somewhat  steeper 
regression  line  slopes  and  intercepts  at  higher  latitudes.  This  occurs 
because  boundaries  associated  with  extremely  large  and  extremely  small  one 
minute  index  values  usually  become  associated  with  more  typical  values  upon 
averaging  over  some  interval  containing  the  exceptional  value.  In  a  scatter 
plot  of  boundary  latitude  versus  index  value,  high  latitude  boundaries  found 
typically  with  small  one  minute  AE  values  would  usually  shift  to  the  right,  to 
a  higher  averaged  AE  value,  while  low  latitude  boundaries  associated  with 
large  one  minute  values  would  shift  to  the  left  upon  averaging.  More  typical 
data  points  would  be  less  affected  by  averaging.  The  net  result  is  to  squeeze 
data  points  at  the  left  and  right  hand  extremes  of  the  scatter' plot  toward  the 
center,  effectively  steepening  the  slope  and  raising  the  intercept  of  a 
least-square 8  linear  fit. 

The  effect  of  increasingly  longer  averaging  intervals  for  AE  is  shown  in 
Figures  2  and  3  for  the  evening  and  morning  local  time  sectors,  respectively. 


Each  plot  represents  north  hemisphere  observations  In  the  indicated  CGLT 
interval.  The  number  of  boundaries  for  each  case  i6  given  in  parentheses.  We 
have  included  here  the  earliest  morning  local  time  bin  although  the  number  of 
cases  is  small.  The  absolute  values  of  the  correlation  cofficients  of 
boundary  latitude  versus  AE  averaged  over  Intervals  from  1  to  8  hours  duration 
immediately  preceding  the  time  of  a  boundary  measurement  are  shown. 
Correlations  are  also  run  with  1  minute  values  and  15  and  30  minute  averaged 
values.  It  is  evident  that  there  is  a  clear  distinction  between  the 
correlation  behaviors  in  the  pre-  and  post-midnight  local  time  sectors.  The 
correlations  maximize  for  averaging  Intervals  of  2-3  hours  duration  on  the 
morningside  and  for  intervals  of  4-5  hours  duration  on  the  eveningside.  In 
addition,  peak  values  of  the  coefficient  are  somewhat  higher  >8)  in  the 
evening  and  drop  off  somewhat  more  slowly  than  in  the  morning.  The  peak 
values  of  the  correlation  coefficients  exceed  those  for  linear  regressions 
with  KP  by  ~  .05  points. 

The  AU  and  AL  indices  which  make  up  the  total  AE  index  were  also  tested 
for  correlations  with  the  boundary,  both  for  one  minute  values  and  averages  up 
to  one  hour.  In  addition,  one  hour  averages  of  AE,  AU,  AL,  were  computed  for 
intervals  centered  on  the  boundary  time.  Although  AL  approaches  AE  in 
performance,  the  consistently  best  correlations  are  obtained  when  AE  is 
averaged  over  Intervals  preceding  the  boundary  time. 

Correlations  with  D  . .  One  hour  D  index  values  were  assigned  to  each 
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of  the  auroral  boundaries  and  linear  regressions  performed  between  the  two  in 

one  hour  CGLT  zones.  The  results  are  given  in  Table  3.  Although  AE  is  an 

index  of  auroral  zone  magnetic  activity,  and  D  of  low-latitude  magnetic 

variations,  the  D  index  performs  nearly  as  well  as  the  one  minute  averaged 
8  C 

AE  values  (comparing  Tables  1  and  3).  Again,  the  correlation  with  KP  is 


somewhat  better. 
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Multiple  Correlations  with  AE,  AE  ,  InAE,  and  D  .  .  Table  4  summarizes 

£  t 

correlations  obtained  with  KP,  Dgt,  and  AE  taken  individually  and  in  various 

combinations  at  one  local  time  sector  in  the  north  hemisphere.  Figure  4  plots 

the  correlation  coefficients  for  some  of  the  functions  listed  in  Table  3  at 

those  local  time  sectors  having  a  reasonably  large  number  of  cases. 

2 

Functional  forms  using  D^,  AE,  and  AE  yield  the  best  results  at  all  local 

times.  Most  correlations  are  nearly  the  same  whether  AE  is  averaged  over  2  or 

4  hours  preceding  a  boundary  determination.  The  largest  differences  occur  in 

the  morning  sector.  Functions  with  ln(AE)  do  not  Increase  the  correlations 

2 

appreciably,  suggesting  than  an  AE  term  alone  accounts  for  the  dependence 
sufficiently  well. 

By  using  both  AE  and  D  and  by  averaging  AE  for  times  comparable  to  that 
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of  the  KP  index,  very  high  correlations  are  found,  well  exceeding  those  of  KP 
alone.  The  correlations  are  uniformly  better  on  the  eveningside  as  compared 
to  the  momingside,  no  doubt  reflecting  the  higher  confidence  level  in  the 
nine  well-defined  evening  boundaries. 


IV.  DISCUSSION 

We  summarize  the  results  of  the  above  statistical  study  as  follows: 

1.  Neither  one  minute  averaged  values  of  AE  or  hourly  averaged  values  of 
order  the  variations  in  the  equatorward  auroral  boundary  as  well  as  KP. 

2.  The  ability  of  AE  to  order  the  boundary  variations  is"  maximized  by 
averaging  AE  in  2-5  hour  Intervals  preceding  the  boundary  determination.  For 
the  maximizing  averaging  interval,  AE  orders  the  boundary  variations  better 
than  KP. 

3.  The  ability  of  AE  to  order  the  boundary  variation  is  increased  by 


adding  non-linear  terms*  Adding  a  term  in  AE  is  equally  as  good  as  using 
InAE. 

A.  Maximum  ordering  of  boundary  variations  is  achieved  by  a  combination 
2 

of  Dst>  AE,  and  AE  ,  when  AE  is  averaged  from  2-5  hours  prior  to  the  boundary 
determination*  The  result  of  performing  the  multiple  regression  yields 
correlation  coefficients  approaching  0.9. 

The  relationship  between  the  boundary  latitude  and  an  index  of  magnetic 
activity  depends  on  two  Interrelated  factors,  the  sources  of  current 
contributing  to  the  index  and  the  time  scales  controlling  the  boundary 
position.  The  fact  that  the  boundary  responds  more  clearly  for  indices 
averaged  on  the  order  of  hours  and  does  not  react  to  rapid  changes  in 
magnetospheric  conditions  is  likely  a  consequence  of  the  time  required  to 
achieve  balance  between  earthward  convection  allowed  by  shielding  mechanisms 
and  processes  governing  the  lifetimes  of  drifting  particle  populations. 
Shielding  and  lifetime  effects  also  contribute  to  the  asymmetry  of  the 
boundary  relative  to  a  dawn-dusk  axis  (Gussenhoven  et  al.,  1983).  The 
increased  ordering  of  the  boundaries  by  increasing  the  time-average  of  AE  was 
also  found  by  Sauvaud  et  al.  (1983)  for  multiple  correlations  involving  AE  and 
soft  electron  boundaries  at  2200-2400  CGTLT  measured  by  the  AUREOL-1  -2 
satellites.  They  found  a  maximum  correlation  peak  with  averaging  intervals  of 
4-5  hours  duration.  They  attribute  "inertia"  of  the  boundary  to  two  separate 
factors.  (1)  an  inhibition  of  Inward  convection  by  polarization  electric 
fields  which  prevent  inward  penet  ration  of  convection  electric- fields  during 
periods  of  increasing  activity,  and  (2)  weak  precipitation  of  injected  plasma 
during  periods  of  decreasing  activity.  Our  study  indicates  that  the  time 
scale  of  the  boundary  dynamics  differs  from  morning  to  evening. 

It  should  not  be  surprising  that  the  KP  index  succeeds  so  well  in 


correlations  with  the  boundary  because  it  combines  a  long  time  scale  (3  hours) 

and  nonlinearity,  two  properties  involved  in  maximizing  correlations  with  AE. 

Since  correlations  with  a  combination  of  D  and  AE  exceed  either  index  used 

st 

alone,  the  boundary  position  appears  to  be  physically  related,  in  a  complex 

way,  to  the  ring  current  and  ionospheric  currents.  Using  a  lumped  circuit 

approach,  Siscoe  (1982)  modeled  the  link,  between  the  solar  wind  and  the 

magnetosphere  via  field-aligned  (Birkeland)  currents.  The  solar  wind  is 

transmitted  to  the  polar  cap  by  region  1  Birkeland  currents  that,  in  turn, 

feed  region  2  Birkeland  currents  through  resistive  Pedersen  currents  in  the 

ionosphere.  Region  2  currents  then  connect  with  the  ring  current,  modeled  as 

an  equivalent  resistance  and  inductance  in  series-  The  model  is  restricted  to 

a  single  source  of  potential,  the  constant  solar  wind  electric  field,  and 

excludes  electric  induction  in  the  magnetospheric  tail.  Temporal  changes  in 

the  constant  potential  are  treated  as  relaxations  from  one  steady  state  to 

2 

another.  One  result  of  this  model  is  that  D  varies  with  IMF  B  and  AE 

st  z 

varies  with  IMF  B^,  if  the  potential  itself  is  linearly  proportional  to 

t  southward  IMF  B  .  In  fact,  a  plot  of  boundary  latitude  versus  D  (not  shown) 
i  z  St 

is  generally  linear,  while  the  overall  dependence  with  AE,  seen  earlier  in 
Figure  1,  is  decidedly  nonlinear.  Thus,  high  correlation  with  a  linear  D 

st 

term  and  a  squared  AE  term  suggests  that  the  boundary  position  reflects 
coupling  between  the  current  sources. 

Equatorward  motion  of  the  boundary  over  several  hours  indicates  extended 
periods  of  magnetic  and  auroral  activity.  In  addition  to  the  classical 
•  h r f. e r~  ^ ^ t ? rr.  t 'it  \ ■-) -  r:  ti~'-  .  ic  !•  7  *  r  \ 

time  scales  are  also  seen.  Bursts  of  auroral  activity  lasting  15-30  minutes 
are  a  common  feature  in  montages  of  all-sky  camera  pictures  (Krukonis  and 
Whalen,  1980).  From  a  statistical  study  of  over  700  DMSP  images,  Sheehan  et 
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al.  (1982)  also  found  that  Images  showing  active  auroral  conditions  tended  to 
recur  over  several  successive  orbits .  The  short  period  bursts  appear  to 
correspond  to  rapid  AE  fluctuations  and  motions  of  discrete  auroral  arcs, 
while  the  long  period  activity  governs  the  motion  of  diffuse  aurora  and  the 
electron  boundary. 
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Table  1.  Regression  parameters  (intercepts  and  slopes)  and  correlation 

coefficients  for  electron  equatorward  boundary  latitude  and  one 
•"’'"'jtP.  *F  va! ’.!»<?  ir  >  =  1  —  ~  ‘ p 


North  Pole 


South  Pole 


Table  2 


Regression  parameters  (intercepts’  and  slopes)  and  correlation 

coefficients  for  electron  equatorward  boundary  latitude  and  AE 

values  averaged  over  one  hour  preceding  a  boundary  determination: 

A  =  A  +  a  AE 
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North  Pole 


South  Pole 


Table  3 


Regression  parameters  and  correlation  coefficients  for  boundary 
latitude  (x)  with  one  hour  D  index  values  in  1978: 

.  _  .  _i_  n  St 


North  Pole 


South  Pole 


Table  A.  Correlation  coefficients  resulting  from  the  indicated  terms  in  the 
fitting  function.  North  hemisphere  boundaries  at  2100  CGLT. 
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FIGURE  CAPTIONS 


Figure  1 


Figure  2 


Figure  3 


Figure  4 


Average  boundary  latitude  vs.  AE  at  2100-2200  CGLT  in  the  north 
hemisphere.  Boundaries  averaged  in  SOnT  bins;  error  bars  indicate 
standard  deviations  of  the  averages. 

Correlation  coefficients  of  boundary  latitude  vs.  AE  averaged  over 
Intervals  of  1-8  hours  duration  immediately  preceding  a  boundary 
determination.  North  hemisphere  boundaries  in  the  evening  sector. 
Number  of  cases  is  indicated  in  parentheses. 

Same  as  Figure  3  except  for  morning  boundaries. 

Correlation  coefficients  of  boundary  latitude  with  various 


combinations  of  magnetic  indices  in  the  morning  and  evening 
sectors.  North  hemisphere  boundaries. 
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I.  INTRODUCTION 


It  is  generally  accepted  that  the  diffuse  aurora  is  produced  by  the 
electrons  and  ions  originating  in  the  central  plasma  sheet  (Winningham  et  al., 
1975;  Lui  and  Anger,  1973;  and  Meng  et  al. ,  1979).  There  is  growing  evidence 
that  only  a  slow  rate  of  pitch  angle  diffusion  is  necessary  in  order  to 
maintain  the  level  of  electron  precipitation  producing  the  electron  diffuse 
aurora  (Fontaine  and  Blanc,  1983).  This  means  that  the  minimum  radial 
distance  in  the  equatorward  plane  to  which  electrons  can  penetrate  is 
determined  primarily  by  the  combined  action  of  the  convection  electric  field 
and  the  gradient  and  curvature  drifts,  rather  than  by  the  loss  of  all 
electrons  on  a  flux  tube  (Cowley  and  Ashour-Abdalla,  1975,  and  Rivelson  and 
Southwood ,  1975).  Since  the  inner  boundary  of  the  plasma  sheet  electrons  maps 
to  the  equatorward  boundary  of  auroral  electron  precipitation,  the  systematics 
of  the  low  altitude  electron  equatorward  boundary  reflect  similar  systematics 
in  the  plasma  sheet  boundary.  The  variations  in  the  plasma  sheet  boundary  can 
be  related.  In  turn,  to  the  strength  and  spatial  distribution  of  the 
t  cross-tail  convection  electric  field  (Gussenhoven  et  al.,  1981;  Hardy  et  al. , 
1981,  and  Kamide  and  Winningham- ,  1977).  This  is  important  since  in  situ 
determination  of  the  morphology  of  both  the  plasma  sheet  boundary  and  the 
convection  electric  field  are  difficult  (Freeman,  1974;  Mauk  and  Mdlwain, 
1974;  and  Baumjohann,  et  al.  1985). 

To  date,  a  number  of  studies  have  been  published  on  the  location  of  the 
low  altitude  electron  boundaries  and  their  variation  with  geomagnetic 
activity,  substorms,  and  solar  wind  parameters  (Gussenhoven  et  al.,  1981; 

Hardy  et  al. ,  1981;  Gussenhoven  et  al.,  1983;  Slater  et  al.,  1980;  Mak i ta  e t 
al ■ ,  1983;  and  Savaud  et  al. ,  1983).  No  similar  analysis  has  been  performed 
for  the  ion  boundaries.  This  is  due  to  the  lack  of  detectors  on  polar 


orbiting  satellites  with  sufficiently  large  geometric  factors  to  unambiguously 
determine  the  latitudinal  extent  of  auroral’  ion  precipitation.  Large 
geometric  factors  are  required  since  diffuse  aurora  ion  precipitation  has 
typically  one  to  two  orders  of  magnitude  less  intensity  than  electron  precipi¬ 
tation.  The  most  systematic  measurements  of  the  extent  of  ion  precipitation 
and  the  relationship  of  electron  and  ion  fluxes  have  been  made  photometrically 
and  principally  from  the  ground  (See  reviews  by  Eather ,  1967,  and  Hultqvist , 
1979;  also  Vallance-Jones ,  1974,  1982;  and  Lambert  and  Sutcliffe,  1981).  Low 
altitude  energy  dispersion  on  the  boundary  (Sauvaud  et  al.,  1981)  and  high 
altitude  studies  of  proton  boundaries  (Ejiri,  1978)  have  contributed  to  the 
notion  that  the  ion  motion  in  the  plasma  sheet  is,  like  that  of  the  electrons, 
strongly  affected  by  the  convection  electric  field,  and  can  be  used  to  model 
the  convection  electric  field.  The  relative  importance,  however,  of  transport 
by  convection  and  loss  by  pitch  angle  diffusion  in  forming  low  altitude 
boundaries  has  not  been  established  for  ions  (Ashour-Abdalla  and  Thorne,  1978) 

To  determine  the  ion  boundary  systematics,  we  have  used  the  new  ion 
detectors  onboard  the  DMSP/F6  satellite  to  make  an  initial  determination  of 
the  variations  with  KP  of  the  auroral  ion  equatorward  boundaries  for  several 
hours  in  magnetic  local  time  (MLT)  about  the  dawn-dusk  meridian.  The  boundary 
variations  are  determined  both  absolutely  and  in  relationship  to  the  electron 
boundaries.  The  paper  is  organized  as  follows:  Section  II  describes  the 
orbit  of  the  DMSP/F6  satellite  and  the  electron-ion  detector.  Section  III 
describes  the  boundary  selection.  In  Section  IV,  the  results  are  presented. 
Section  V  is  a  discussion  of  the  results. 

II.  ORBIT  AND  INSTRUMENTATION 

DMSP/F6  is  a  three-axis  stabilized  satellite  that  was  launched  into  a 


near  sun-synchronous,  dawn-dusk  circular  orbit  in  December  1982.  The  altitude 
of  the  satellite  is  840  km,  the  orbital  period  is  101  min.,  the  nominal 
inclination  is  98.75°.  The  satellite  is  nonspinning.  Owing  to  the  offset 
between  the  Earth  spin  axis  and  the  magnetic  axis,  the  orbit  is  subject  to 
significant  diurnal  variation  in  Magnetic  Local  Time  (MLT)-Corrected 
Geomagnetic  Latitude  (MLAT)  coordinates.  This  variation  is  shown  in  Figure  1. 
The  south  pole  orbital  path  (dashed  line)  is  offset  toward  magnetic  local 
noon;  the  north  pole  orbital  path  (solid  line)  is  offset  toward  magnetic  local 
midnight. 

The  SSJ/4  sensor  on  DMSP/F6  (also  flown  on  F7,  and  planned  for  F8  through 

F14)  consists  of  four  cylindrical  curved  plate  electrostatic  analyzers 

arranged  in  two  pairs.  One  pair  measures  electron  fluxes  in  20  energy 

channels  between  30  eV  and  30000eV;  the  other  measures  ion  fluxes  in  a  similar 

fashion,  over  the  same  range.  The  apertures  of  the  analyzers  always  face 

local  vertical  such  that  at  auroral  and  polar  cap  latitudes,  they  detect 

precipitating,  rather  than  backscattered  or  trapped  particles.  The  analyzers 

for  ions  and  electrons  are  identical  except  that  the  polarity  on  the  plates 

are  opposite,  and  the  low  energy  ion  apertures  are  larger  than  the  low  energy 

electron  apertures.  One  electron  analyzer  covers  the  energy  range  from  30  eV 

to  1  keV  with  a  geometric  factor  of  ~  2.2  10  cm  sr  and  a  A  E/E  of  9.8%. 

The  other  electron  analyzer  covers  the  energy  range  from  1  to  30  keV  with  a 

-4  2 

geometric  factor  of  8.7  10  cm  sr  and  a  A  E/E  of  9.3%.  The  corresponding 

-2  2 

analyzers  for  ions  have  geometric  factors  of  3.2  10  cm  sr  and  8.6 
“A  2 

10  cm  sr,  respectively,  and  A  E/E  of  9.8%  and  9.3%,  respectively.  For 
ions,  the  geometric  factors  of  this  instrument  are  unusually  large  compared  to 
others  flown  at  comparable  altitudes,  resulting  in  count  levels  well  above 
background  in  the  auroral  oval.  Both  electron  and  ion  detectors  employ  post 
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acceleration  (100  volts  for  electrons;  1000  volts  for  ions)  to  insure  unit 
channeltron  efficiency  at  low  energies.  A  complete  20-point  spectrum  both  for 
electrons  and  ions  is  returned  once  per  second.  Details  of  the  detector  and 
its  calibration  are  given  in  Hardy  et  al.  (1984). 

III.  DATA  SELECTION  AND  DATA  BASE 

Figures  2a  and  2b  are  survey  plots  of  the  SSJ/4  electron  and  ion  data, 
respectively,  for  a  DMSP/F6  north  polar  pass  on  13  January  1983,  during  which 
KP  was  3-.  In  each  figure,  the  following  three  quantities  are  plotted  from 
top  to  bottom  as  a  function  of  universal  time  in  seconds:  the  particle 

average  energy  (EAVE)  in  keV ;  the  particle  total  energy  flux  (JET0T)  in 

2  2 
keV/cm  sec  sr;  the  total  particle  number  flux  (JTOT)  in  particles/cm  sec  sr. 

At  each  two-minute  interval,  the  values  are  given  for  the  satellite's  geo¬ 
graphic  latitude  and  longitude,  corrected  geomagnetic  latitude  and  longitude, 
and  magnetic  local  time,  all  projected  along  the  magnetic  field  to  110  km. 
Figure  2  shows  that  the  satellite  traversed  the  morningside  auroral  oval 
(04-05  MLT),  the  polar  cap  (up  to  88.9°  MLAT),  and  the  eveningside  oval  (17-18 
MLT).  Below  the  evening  oval,  slight  contamination  of  the  channeltrons  from 
radiation  belt  particles  occurs  from  ~  10800-10980  UT. 

T.r,  PI, -urn  7,  -.hr.  equator-ward  precipitating  electron  and  ion  boundaries 
are  indicated  by  vertical  lines.  The  criteria  which  are  used  for  selection  of 
electron  boundaries  from  these  data  have  been  extensively  documented 
(Gussenhoven  et  al. ,  1981,  1982)  and  will  not  be  repeated  here.  The  electron 
boundaries,  in  this  case,  are  unambiguous,  and  are  at  60.6°  MLAT  in  the  04-05 
MLT  zone,  and  69.1°  MLAT  in  the  17-18  MLT  zone.  For  the  example  in  Figure  2b, 
the  ion  boundaries  are  also  clear  and  are  chosen  from  increases  in  JTOT  above 
equatorward  background  values.  The  boundaries  chosen  are  at  65.4°  MLAT  in  the 
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04-05  MLT  zone,  and  b8.2°  MLAT  in  the  17-18  MLT  zone.  For  this  pass,  as  is 
Che  general  case,  the  electron  (ion)  boundary  lies  more  equatorward  of  the  ion 
(electron)  boundary  on  the  morningside  (eveningside)  of  the  oval. 

Figure  2  illustrates  several  common  features  of  the  average  particle 
energy  which  appear  in  nearly  every  dawn-dusk  pass.  1)  The  average  ion  energy 
reaches  higher  values  in  the  evening  auroral  oval  than  in  the  morning.  The 
electron  average  energy  varies  in  the  opposite  sense,  and  on  both  morning  and 
evening  s;des  is  smaller  than  for  the  ions.  These  features  are  also  charac¬ 
teristic  of  the  source  populations  measured  at  near-geosynchronous  orbits 
(Carre tt,  1981;  and  Mullen  and  Gussenhoven,  1983).  2)  The  average  ion  energy 

is  high  at  the  equatorward  edge  of  the  evening  oval  and  decreases  poleward. 

(In  this  case  there  is  a  small  spur  of  low  energy  flux  ions  which  have  also 
been  included  within  the  boundary.)  On  the  other  hand,  a  relatively  broad 
region  of  low  (less  than  1  keV)  average  energy  ions  is  found  on  the  edge  of 
the  morning  oval.  This  is  in  agreement  with  observations  of  Sauvaud  et  al. 
(1981)  following  Injections  into  the  near-Earth  plasma  sheet. 

In  selecting  the  ion  boundaries,  many  of  the  criteria  used  for  electron 
boundary  selection  were  applied.  The  ion  boundaries  were  picked  at  a  clear 
rise  in  total  number  flux  above  background  and  typically  were  easier  to 
Jr  — “r  f.hr*.  'V"*  hT,r! r where  the 

ion  number  flux  showed  irregular  fluctuations  at  the  equatorward  edge  of  the 
precipitation,  often  extending  over  several  degrees  of  latitude.  The  extent 
of  these  fluctuations  is  larger  than  in  corresponding  cases  for  electrons,  and 
even  though  the  fluxes  are  low  level,  the  boundary  was  chosen  at  the  lowest 
latitude  to  which  the  fluctuations  extended.  On  occasion,  the  diffuse  auroral 
ion  precipitation  on  a  given  side  of  the  oval,  principally  the  morningside, 
appeared  as  a  double  or  divided  population.  In  these  cases,  both  regions  were 


included  in  the  boundary. 

For  this  study,  the  electron  and  ion  boundaries  were  determined  for  each 

DMSP/F6  pass  in  January,  1983,  giving  a  set  of  approximately  900  boundaries 

for  ion  precipitation  and  the  same  for  electrons.  For  each  pair  of  ion  and 

electron  boundaries,  the  appropriate  KP  values  were  assigned;  the  difference 

between  the  two  boundaries,  11*1  -  A.,  was  determined;  and  the  boundaries 

e  i 

and  their  differences  were  binned  in  one-hour  local  time  zones.  Boundaries 
were  excluded  from  the  data  set  if  the  electron  and  ion  boundaries  in  a  given 
pair  occurred  in  different  local  time  bins;  15%  of  the  morning  boundaries  and 
6%  of  the  evening  boundaries  had  such  differences.  Many  of  these  cases 
occurred  on  the  dayside  where  the  satellite  cuts  the  auroral  oval  obliquely. 
Magnetic  Local  Time  zones  for  which  there  were  at  least  100  boundries  were 
04-07  MLT,  and  17-21  MLT.  For  these  zones,  data  were  available  for  a  KP  range 
from  0+  to  5,  and  linear  regressions  were  performed  on  the  boundary  values 
against  KP. 

IV.  ION  AND  ELECTRON  BOUNDARY  DIFFERENCES 

Before  looking  at  the  statistical  results,  we  first  show  the  electron  and 
ion  boundary  configuration  for  a  period  of  extended  quiet  on  26  February  1983, 
from  04  UT  to  22  UT.  During  this  time,  KP  varied  from  1-  to  1+.  In  addition, 
the  polar  cap  was  well-defined  by  clear  intervals  of  polar  rain.  We  interpret 
this  to  mean  that  although  the  magnetic  activity  was  small,  the  z-component  of 
the  interplanetary  magnetic  field  was  either  near-zero  or  slightly  negative. 

In  such  cases,  the  energy  transfer  from  the  solar  wind  to  the  magnetosphere  is 
6mall,  as  is  the  cross-tail  convection  electric  field.  We  expect  a  contrac¬ 
ted,  but  relatively  stable  auroral  oval.  Under  these  conditions,  a  relatively 
large  fraction  of  the  whole  oval  is  sampled  by  successive  passes  of  the  DMSP 


satellite. 


Both  equatorward  and  poleward  electron  and  ion  boundaries  were  chosen  for 
this  period  and  plotted  in  MLAT-MLT  coordinates.  North  and  south  pole  data 
were  combined.  The  results  are  shown  in  Figure  3.  Here,  dots  (crosses) 
represent  ion  (electron)  boundaries,  and  the  equatorward  boundaries  are 
circled.  Connecting  lines  show  electron  and  ion  boundary  pairs.  We  point  out 
that  although  not  shown,  almost  all  the  morning  equatorward  boundary  ion 
populations  have  low  average  energy  (<  1  keV),  and  the  evening  boundaries 

high  average  energy  ()>  10  keV),  similar  to  those  shown  in  Figure  2.  In  many 
cases,  the  equatorward  boundary  electron  populations  also  had  relatively  high 
average  energies  (a  few  keV),  particularly  on  the  morningside.  Smooth  lines 
(solid  for  electrons,  dashed  for  ions)  are  drawn  as  a  fit  to  the  equatorward 
boundaries.  A  similar  line  is  drawn  for  the  polar  cap  boundary  using  both 
electron  and  ion  values. 


The  equatorward  boundaries  show  the  following  properties:  a)  When  the 
electron  and  ion  boundary  pairs  are  considered,  their  difference,  A  X,  is 
always  negative  in  the  morning  and  positive  in  the  evening,  b)  Unpaired 
boundaries  occur  only  on  the  dayside  where  the  ion  boundaries  continue  to 
persist  to  low  latitudes,  and  either  the  electron  diffuse  aurora  died  out,  or 


c)  There  is  considerable  variation  in  the  actual  boundaries  from  an  attempt  to 
make  a  smooth  fit  to  them,  d)  Except  on  the  dayside,  the  ion  and  electron 
boundaries  generally  move  to  higher  or  lower  latitudes  together,  although  not 
necessarily  by  the  same  amount,  e)  The  variation  in  A  X  is  generally  smaller 
on  the  eveningside  as  midnight  is  approached,  as  found  in  the  average  sense. 

On  the  morningside,  however,  the  minimum  A  X  is  near  dawn,  rather  than  near 
midnight . 
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The  poleward  boundaries  are  shown  in  contradistinction  to  the  equatorward 
boundaries.  Many  of  the  electron-ion  poleward  boundary  differences  are  near 
zero.  The  variation  in  the  boundaries  from  pass  to  pass  is  considerable, 
particularly  on  the  morningside.  Trends  in  the  variations  are  difficult  to 
Identify.  Tu*>  ti~?  scales  for  these  higher  latitude  processes  appear  to  be 
much  shorter  than  those  that  map  to  the  inner  magnetosphere. 

We  return  to  the  set  of  equatorward  boundaries  for  all  of  January,  1983, 
to  see  which  of  the  trends  observed  for  the  quiet  oval  persist  in  a  statis¬ 
tical  sense  and  over  a  wider  variety  of  conditions.  Figures  4a  and  b  are 
occurrence  plots  for  4  A  f0r  morning  and  evening  boundary  pairs,  respectively. 
Boundaries  for  the  entire  MLT  and  KP  ranges  are  used,  and  the  boundary  differ¬ 
ences  (A  are  binned  in  units  of  0.2°  MLAT.  Figure  4a  shows  that,  with  few 
exceptions,  the  morning  electron  boundary  occurs  at  lower  latitudes  than  the 
ion  boundary.  Of  the  432  boundaries,  15  electron  boundaries  are  higher  than 
ion  boundaries  (3%)  and  11  coincide  (2.5%).  The  average  difference  is  -2.62° 

+  1.71°  MLAT,  which  is  indicated  by  the  vertical  line  in  Figure  4a.  For  the 
evening  boundaries.  Figure  4b,  the  reverse  trend  occurs:  the  ion  boundaries 
occur  at  lower  latitude  than  the  electron  boundaries,  with  34  of  the  470 
boundaries  (7%)  higher  and  36  (8%)  coincident.  The  average  difference  is 
+1.37  +  1.21°  MLAT. 

The  large  spread  in  the  average  differences  on  both  the  morning-  and 
eveningsides ,  as  shown  by  the  relatively  large  standard  deviations,  indicates 
that  the  effect  of  KP,  pole,  and  MLT  should  be  considered.  The  data  were 
separated  into  two  KP  ranges,  0  to  2+  and  3-,  and  the  averages  of  the 
differences  in  electron  and  ion  boundaries  again  calculated.  The  results  are 
given  in  Table  1.  The  differences  between  the  averages  of  the  two  KP  ranges 
are  small:  0.18°  on  the  morningside,  and  0.13°  on  the  eveningside,  indicating 


that  magnetic  activity  does  not  account  for  the  variation  in  differences. 

Table  2  shows  the  averages  of  the  differences  when  separation  is  made  by  pole. 
Here,  the  difference  between  the  averages  for  the  two  poles  is  greater  and 
seemingly  of  significance:  0.82°  on  the  morningside,  and  0.54°  on  the 
cvenir.gside .  Because  different  MLT  zones  are  crossed  in  the  two  poles, 
separation  was  next  made  by  MLT  for  zones  with  sufficient  boundary  crossings 
(!>  100  boundaries).  In  this  case,  separation  by  pole  was  not  made  for  regions 
of  overlapping  local  time  zones. 

Figures  5a  and  b  are  occurrence  plots  for  ^  as  a  function  of  local  time 
ir.  '.'no-hour  zones  for  morning  and  evening  boundary  pairs,  respectively.  In 
both  figures,  the  local  time  zone  closest  to  midnight  is  plotted  in  the  bottom 
panel,  moving  toward  dayside  in  the  upper  panels.  As  in  Figure  4,  the  average 
A  A  is  indicated  by  a  vertical  line  in  each  panel.  Figure  5  shows  that  the 
closer  the  MLT  zone  is  to  midnight,  the  smaller  the  average  divergence  between 
the  electron  and  ion  equatorward  boundaries.  Not  only  does  the  average 
lifference  between  the  boundary  pairs  increase  for  MLT  zones  on  the  dayside, 
but  the  scatter  in  the  differences  also  tends  to  increase. 

Finally,  we  show  the  results  of  performing  a  linear  regression  on  all 
boundary  points  in  a  given  MLT  zone  with  KP.  In  Figures  6a  and  b,  the  linear 
c-"“  to  the  d-h?.  is  shown  for  r. h  ■  04-05  ,-.rd  ’•bo  ’  3  9  'VLT  tones ,  respectively . 

Data  from  both  poles  are  combined  in  overlapping  time  zones.  We  also  show  the 
average  boundary  value  for  each  KP  value:  solid  (open)  circles  for  electron 
(ion)  boundary  averages.  (Note:  the  linear  regressions  were  performed  on  the 
full  data  set  in  each  zone,  not  the  averages.)  As  shown  before  for  electron 
boundaries,  and  as  shown  here  to  be  the  case  for  ion  boundaries  as  well,  the 
equatorward  edge  of  the  precipitation  for  both  populations  expands  to  low 
latitude  with  increasing  KP.  In  addition,  the  offset  between  electron  and  ion 


boundaries  found  in  the  occurrence  plots  and  for  26  February  clearly  exists 
over  the  entire  KP  range  sampled.  The  04-05  MLT  equatorward  electron 
boundaries  are  consistently  about  2-3°  lower  than  the  ion  boundaries,  on 
average;  and  the  18-19  MLT  equatorward  electron  boundries  are  consistently 
’  -2°  —  than  the  ior.  boundaries,  on  average.  The  li-.a.  r  regr '---•■It 

for  the  MLT  zones  in  which  there  are  ~  100  boundaries  are  given  in  Table  3. 
Here,  n  is  the  number  of  boundaries  in  the  given  MLT  zone,  X^  is  the  intercept 
at  KP  =  0,  a  is  the  slope  in  degrees  of  MLAT  per  unit  KP,  and  cc  is  the 
correlation  coefficient. 

The  electron  results  can  be  compared  to  those  previously  published  for 
the  DMSP  F2  and  F4  data  in  which  a  much  larger  data  set  was  used.  Because  the 
KP  range  is  not  as  complete  here,  particularly  at  low  and  high  values,  the 
correlation  coefficients  are  anticipated  to  be,  and  in  fact  are,  somewhat 
smaller  than  for  the  larger  data  set.  In  addition,  there  is  some  discrepancy 
in  the  trend  of  the  slopes.  Previously,  the  evening  electron  boundaries  had 
slopes  that  increased  in  the  negative  sense  as  midnight  is  approached.  Here 
no'  consistent  trend  is  shown.  On  the  morningside,  the  slope  here  is  smaller 
(~  -1.6)  compared  to  ~  -1.9,  and  the  trend  to  smaller  slopes  as  midnight  is 
approached,  although  slight,  is  opposite  the  trend  in  the  large  data  set. 

We  attribute  these  differences  to  small  data  samples  that  are  not  required  to 
be  near-unif ormly  distributed  in  KP. 

Here,  we  are  mostly  interested  here  in  the  relation  between  electron  and 
ion  boundaries,  and  the  table  shows  that  the  same  type  of  non-uniformity  in 
slope  variations  on  the  eveningside  also  occurs  in  the  ion  regressions.  On 
the  morningside,  the  trends  for  the  electron  boundaries  are  as  found  before 
and  are  again  duplicated  in  the  ion  boundaries. 


V.  DISCUSSSION 


From  the  measurement  of  approximately  1800  electron  and  ion  boundaries  in 
January,  1983,  we  draw  the  following  conclusions: 

1.  The  systematics  of  the  equatorward  ion  boundary  are  similar  to  those 
of  the  equatorward  electron  boundary:  both  move  to  lower  latitudes  in  a 
regular  fashion  with  increasing  magnetic  activity,  here  measured  by  KP. 

2.  On  the  morningside  of  the  oval,  the  electron  equatorward  boundary  is, 
on  average  2.6°  MLAT  lower  than  the  equatorward  ion  boundary. 

3.  On  the  eveningside  of  the  oval,  the  equatorward  electron  boundary  is, 
on  average  1.4°  MLAT  higher  than  the  equatorward  ion  boundary. 

4.  The  difference  between  the  electron  and  ion  equatorward  boundaries  is 
not  a  strong  function  of  KP. 

5.  The  difference  between  the  equatorward  electron  and  ion  boundaries 
increases  as  local  time  of  occurrence  approaches  noon,  and  decreases  as  local 
time  of  occurrence  approaches  midnight. 
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ILLUSTRATIONS 


Figure  1.  Orbital  coverage  in  magnetic  local  time  and  corrected 

geomagnetic  latitude  for  DMSP/F6.  The  solid  line  encloses  the 
regions  covered  in  the  north  pole:  the  dashed  line,  the  south 
pole . 

2  -1 

Figure  2a.  Integral  flux  in  (cm  s  sr)  (bottom  panel),  energy  flux  in 

2 

keV/cm  sr  s  (middle  panel),  and  average  energy  in  keV  (top 
panel)  of  precipitating  electrons  measured  by  the  DMSP/F6 
satellite  passing  over  the  north  pole  on  January  13,  1983. 

These  values  are  plotted  as  functions  of  universal  time  (in 
seconds),  geographic  and  corrected  geomagnetic  latitudes  and 
longitudes,  and  the  magnetic  local  time  of  the  satellite  all 
projected  to  an  altitude  of  110  kra.  The  vertical  lines  at  60.4° 
and  69.1°  indicate  the  morning  and  evening  electron  equatorward 
auroral  boundaries. 

Figure  2b.  Same  as  Figure  2a  for  ions,  with  the  vertical  lines  at  65.4°  and 
68.2°  indicating  the  morning  and  evening  ion  equatorward  auroral 
boundaries . 


Figure  3.  Polar  plot  in  corrected  geomagnetic  latitude  and  magnetic  local 
time  electron  (x's)  and  ion  (*'s)  equatorward  and  poleward 
boundaries  measured  on  February  23,  1983.  Connecting  lines 
indicate  electron  and  ion  boundary  pairs.  Smooth  lines  (solid 
for  electrons,  dashed  for  ions)  are  drawn  as  a  fit  to  the 


equatorward  boundary.  A  similar  line  is  drawn  for  the  polar  cap 


boundary  using  both  electron  and  ion  values. 

Figure  4a.  Occurrence  plot  for  differences  (AX )  between  all  electron  and 

ion  boundary  pairs  measured  on  the  morningside.  AX’S  are  binned 
in  units  of  0.2°  MLAT.  The  vertical  line  shows  the  mean 
difference. 


Figure  4b. 


Same  as  Figure  4a  for  electron  and  ion  boundary  pairs  measured 
on  the  eveningside. 


Figure  5a.  Same  as  Figure  4a,  but  separated  into  1  hour  MLT  bins. 


Figure  5b.  Same  as  Figure  4b,  but  separated  into  1  hour  MLT  bins. 


Figure  6a.  Mean  values  and  standard  deviations  in  each  Kp  bin  for  electrons 
(°'s)  and  ions  (o's)  as  a  function  of  Kp  for  the  0400-0500  MLT 
sector.  The  solid  line  (dashed  line)  results  from  a  linear 
regression  performed  with  individual  boundary  determinations  of 
electrons  (ions). 


Figure  6b. 


Same  as  6a  for  the  1800  to  1900  MLT  sector. 
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THE  BASELINE  MAGNETOSPHERE:  EMPIRICAL  CONTRIBUTIONS 


M.S.  Gussenhoven 

Physics  Department,  Boston  College 
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An  obvious  choice  for  a  baseline  magnetosphere  is  a  strictly  theoretical 

one:  a  dipole  field  and  the  absence  of  a  solar  wind.  This  magnetosphere 

cannot  be  related  to  measurements  except  very  near  the  Earth’s  surface. 

Except  for  this  limiting  case,  one  is  faced  with  the  question  of  whether  there 

is  any  solar  wind-magnetosphere  interaction  which  is  not  a  dynamic  one;  which 

can  exist  in  a  steady  state.  Solar  wind  parameters  measured  at  1  A.U.  are 

highly  variable.  When  the  large-scale  variations  are  clearly  structured,  as 

during  solar  minimum,  they  have  a  cyclic  dependence  in  solar  rotation, 

organized  by  magnetic  field  sector  structure.  Prior  to  the  crossing  of  a 

sector  boundary  and  an  attendant  shock  structure,  a  region  in  the  solar  wind 

often  exists  in  which  the  speed,  density,  temperature,  and  magnetic  field 

3  3 

magnitude  reach  minimal  values  (less  than  350  km/sec,  10/cm  ,  25  x  10  °K, 

5  nT).  While  variation  in  the  solar  wind  parameters  still  exist  here  the 

absolute  variations  are  small  since  the  values  are  small.  Such  regions  can  be 

large,  requiring  times  on  the  order  of  days  to  flow  past  the  Earth.  During 

these  days,  the  various  pressures  exerted  Ij  the  solar  wind  on  the  magneto- 

o  2 

sphere  reach  their  minimum  values  (typically  <10  dynes/cm  for  solar 

•8  2 

maximum;  and  <  2  •  10  dynes/cm  for  solar  minimum),  and  the' magnetosphere 
assumes  its  most  inflated  or  dipolar  configuration  (with  a  subsolar  dayside 

Presented  at  Yosemite  1982  Conference  on  Origins  of  Plasmas  and  Electric 
Fields  in  the  Magnetosphere,  Yosemite,  CA,  January  25-29,  1982. 


dimension  typically  greater  than  12  R^).  In  addition,  the  quietest  days  in  a 
solar  rotation,  as  determined  by  the  daily  sum  of  Kp,  are  often  found 
clustered  together  at  these  times.  They  also  contain  the  highest  concentra¬ 
tion  of  Kp  =  0,  0+  3-hour  intervals.  Such  periods  of  extended  quiet  are 
chosen  as  appropriate  ones  for  the  study  of  a  baseline  magnetosphere.  It 
should  not  be  inferred  that  such  periods  are  more  stable  than  periods  of 
higher  magnetic  activity.  The  dynamical  processes  that  operate  during 
extended  periods  of  quiet  are  to  be  part  of  the  inquiry.  Two  additional 
points  concerning  the  occurrence  of  baseline  conditions  are:  1)  For 
statistical  studies,  it  is  more  feasible  and  consistent  to  designate  periods 
of  extreme  quiet  by  0,  0+  Kp  values.  This  increases  the  statistical  sample 
over  that  of  using  Q1  days  and  gives  a  sample  with  greater  uniformity  in 
magnetic  activity.  The  percentage  of  a  solar  rotation  with  Kp  0,  0+  is  found 
to  vary  between  1%-15%,  with  uninterrupted  Kp  0,  0+  intervals  up  to  24  hours. 
2)  Extended  periods  of  quiet  are  not  necessarily  periods  for  which  the 
z-component  of  the  IMF  is  positive  (nor  are  the  intervals  of  Kp  0,  0+). 
However,  they  characteristically  have  low  values  for  the  magnitude  of  B,  which 
means  that  Bz>  whether  positive  or  negative,  is  also  small. 

The  first  question  to  be  addressed  in  this  discussion  of  a  baseline 
magnetosphere  concerns  the  morphology  of  electron  precipitation  during  periods 
of  Kp  0,  0+.  The  data  bases  that  are  used  to  examine  this  and  other  questions 
are  taken  principally  from  Air  Force  and  joint  Air  Force/NASA  satellites 
including  the  polar  orbiting  satellites  DMSP  F2  and  F4,  P78-1,  S3-2,  and  the 
near  geosynchronous  satellite  P78-2  (SCATHA). 

A  statistical  picture  of  electron  precipitation  at  high  latitudes  for  Kp 
0,  0+,  obtained  from  binning  the  DMSP  data  for^each  1/2  hour  in  local  time  and 
for  each  degree  in  magnetic  latitude,  and  averaging  within  each  bin,  is  shown 


in  Figures  la,b,c.  The  data  were  acquired  from  September,  1977,  to  August, 
1980,  with  uniform  seasonal  spread  and  yielding  approximately  1500  polar 
passes  with  Kp  0,  0+.  The  DMSP  satellites  are  sun- synchronous,  three-axis 
stabilized  satellites  in  circular  polar  orbits  at  840  km.  The  data  are 
organized  by  number  flux,  NF,  in  (cm  -s-sr)  ;  energy  flux,  EF,  in 
keV/cm  -s-sr;  and  average  energy,  AVE,  in  keV.  The  average  energy  is  derived 
as  the  ratio  of  EF  to  NF,  and  can  give  spurious  results  when  either  or  both 
values  fall  near  or  below  threshold.  The  data  are  plotted  in  magnetic  local 
time  and  corrected  geomagnetic  latitude. 

From  the  number  flux.  Figure  la,  the  following  observations  are  made: 

a)  The  equatorward  edge  of  the  auroral  oval  can  be  well  fit  by  a  circle, 
offset  from  the  magnetic  pole  toward  midnight,  and  having  a  radius  of 
approximately  21°  CGL. 

b)  Small  patches  of  increased  fluxes  occur  within  three  hours  of 
midnight  centered  at  70°  CGL. 

c)  The  majority  of  particle  flux  occurs  in  a  thick  band  (>  5°)  wrapped 

around  the  dayside  at  latitudes  between  75°-85°  CGL.  The  number  flux 

8  2  -1 
here  is  greater  than  10  (cm  -s-sr)  . 

6  2  _l 

d)  Number  fluxes  characteristic  of  polar  rain,  <  3  •  10  (cm  -s-sr)  , 
are  limited  to  an  extraordinarily  small  area  at  the  center  of  the  polar 
cap. 

7  2  -1 

e)  A  region  of  flux,  between  0.3  -  1  •  10  (cm  -s-sr)  ,  exists  in  the 
cap.  It  is  highly  asymmetric,  occurring  principally  in  the  nightside  of 
the  magnetic  pole. 

From  the  energy  flux  and  average  energy  maps,  the  above  observations  are 

\ 


Interpreted  as  follows: 


Vv  V 


a)  The  central  plasma  sheet  (average  energy  >  .5  keV)  maps  into  an 
approximately  5°  band  above  the  equatorward  auroral  boundary. 

b)  The  central  plasma  sheet  precipitation  occurs  principally  near 

Q 

midnight  but  is  not  sufficient  to  produce  visible  aurora  (EF  >  10 
2 

keV/cm  -s-sr). 

c)  Cold  electrons  {<  .5  keV)  with  fluxes  much  enhanced  over  that  of 
polar  rain  cover  the  remainder  of  the  high  latitude  region. 

d)  The  highest  fluxes  have  the  lowest  energies  and  correspond  to  the 
statistical  positions  of  the  dayside  cusp.  Cold,  high  level  fluxes  are 
found  both  equatorward  and  poleward  of  the  cusp  region,  reaching  beyond 
the  magnetic  pole  in  the  morning  sector. 

e)  The  region  of  enhanced  cold  flux  in  the  midnight  sector  is  continuous 
with  that  on  the  dayside.  It  becomes  very  thin  near  midnight. 

f)  From  the  energy  flux  map,  the  total  power  input  from  precipitating 

g 

electrons  is  estimated  to  be  between  1-4  •  10  watts. 

The  statistical  picture  is  not  unlike  that  proposed  by  Vasyliunas  (1979), 
reproduced  in  Figure  2,  in  which  the  origins  of  the  cold  precipitating 
electrons  are  various  magnetos pheric  boundary  layers.  It  differs  in  the 
extent  of  the  high  latitude  region  pervaded  by  these  particles. 

Other  questions  that  must  be  addressed  regarding  the  baseline  magneto¬ 
sphere  are  the  following:  1)  How  does  the  electron  precipitation  pattern 
change  for  Kp  1  conditions?  What  are  the  variations  from  the  average  and  what 
controls  them?  What  can  be  inferred  from  this  pattern  about  the  electric  and 
magnetic  fields  in  the  magnetosphere?  2)  What  additional  particle  information 
is  obtained  by  comparison  with  near-geosynchronous  measurements?  3)  What  are 
the  characteristics  of  the  convection  electric  field  during  periods  of 
extended  quiet?  Are  the  magnetospheric  electric  field  models  consistent  with 


■ft 
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geosynchronous  and  with  low  altitude  polar  cap  particle  and  field  measure¬ 
ments?  4)  How  good  are  the  magnetosphere  magnetic  field  models  for  periods  of 
extended  quiet? 
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FIGURE  CAPTIONS 


Figure  1.  Statistically  constructed  maps  of  the  precipitating  electron 

2  -1 

a)  number  flux  (NF)  in  (cm  -s-sec)  *  b)  energy  flux  (EF)  in 
2  -1 

keV/(cm  -s-sec)  ,  and  c)  average  energy  (AVE)  in  keV  for 
Kp  0,  0+. 

Figure  2.  Schematic  representation  of  magnetospheric  boundary  layers  and 
their  ionospheric  projections  (Vasyliunas,  1979). 
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ABSTRACT 


Precipitating  electron  data  from  the  SSJ/3  sensors  on  the  polar  orbiting 
DMSP/F2  and  F4  and  P78-1  satellites  in  the  energy  range,  50  eV  -  20  keV  are 
binned  according  to  KP  (each  whole  value:  0,  1,  2,  ...)»  magnetic  local  time 
(48  zones)  and  corrected  geomagnetic  latitude  (30  zones  from  50°  to  90°)  for 
fifteen  months  (about  13  million  spectra).  In  each  zone  of  each  KP  matrix, 
the  average  and  standard  deviation  of  the  counts  in  each  of  the  sixteen 
channels  of  the  sensor  over  all  spectra  in  that  zone  were  maintained.  From 
the  average  spectra,  contour  plots  of  three  quantities  are  prepared:  integral 
flux,  energy  flux,  and  average  energy.  Systematic  variations  both  in  spatial 
dimensions  and  in  magnetic  activity  are  found.  Dayside  sources  (cusp,  entry 
layer,  and  low  latitude  boundary  layer)  and  nightside  sources  (plasmasheet  and 
boundary  plasmasheet)  are  distinguishable  when  integral  flux  and  average 
energy  are  examined  together. 


I.  INTRODUCTION 


In  this  paper,  we  present  the  results  of  a  study  of  the  global  pattern  of 
electron  precipitation.  Historically,  there  have  been  two  approaches  to  such 
global  specification.  In  the  first  of  these,  the  researcher  builds  up  a 
global  or  local  time  picture  using  a  set  of  individual  passes,  each  studied  in 
detail.  The  advantage  of  such  an  approach  is  that  all  the  details  of  each 
pass  are  considered  in  building  up  an  overall  picture.  The  major  disadvantage 
in  such  studies  is  that,  in  order  to  keep  both  the  analysis  and  data 
presentation  manageable,  the  researcher  must  restrict  the  total  number  of 
passes  studied  either  by  spacing  them  widely  in  magnetic  local  time  or  in 
activity.  In  the  second  approach,  the  researcher  builds  up  his  global  picture 
by  dividing  the  region  of  interest  into  zones  in  magnetic  local  time, 
geomagnetic  latitude,  and  activity  and  then  using  very  large  data  sets  to 
determine  the  average  value  of  the  quantity  of  Interest  in  each  zone 
(Feldstein,  1966;  Eather  and  Mende,  1971;  McDiarmid  et  a!.,  1975;  Wallis  and 
Budzinski ,  1981;  and  Spiro  et  al ..  1982).  This  approach  has  the  advantage  of 
providing  real  global  maps.  Its  major  disadvantage  is  that  in  the  averaging 
process,  all  small  spatial  and  temporal  variations  are  smoothed  out,  of 
necessity.  The  number  of  such  studies  done  in  the  past  has  additionally  been 
restricted  by  the  fact  that  they  require  very  large  data  sets  (millions  of 
samples),  and  they  require  significant  amounts  of  computer  time. 

In  this  study,  we  have  taken  the  second  of  these  two  approaches  using  the 
data  set  from  Identical  electrostatic  analyzers  flown  on  three  Air  Force 
satellites;  the  Defense  Meteorological  Satellite  Program's  F-2  and  F-4 
satellites  and  Satellite  Test  Program  P78-1  satellite.  This  data  set,  due  to 
Its  great  size,  is  singularly  suited  to  such  a  study  since  It  allows  very  fine 
gridding  In  magnetic  local  time,  latitude,  and  activity  such  that  the  global 


pattern  and  its  variation  in  activity  can  be  studied  in  detail. 

The  paper  is  divided  into  five  sections.  Following  the  introduction. 
Section  II  deals  with  a  description  of  the  electrostatic  analyzers  that 
provided  the  data  and  the  orbital  coverage  of  the  three  satellites.  Section 
III  describes  how  the  data  were  binned  and  what  integral  quantities  were 
calculated.  In  Section  IV,  the  global  maps  are  discussed.  This  section  is 
divided  into  two  subsections,  one  dealing  with  the  pattern  of  precipitation  of 
cold  electrons  (average  energies  less  than  600  eV)  associated  with  the 
boundary  plasma  sheet  and  cusp,  and  one  dealing  with  the  precipitation  pattern 
of  hotter  electrons  associated  with  the  diffuse  auroras  and  central  plasma 
sheet.  Section  V  is  then  the  discussion. 

SECTION  II.  INSTRUMENTATION  AND  ORBIT 

The  data  used  in  this  study  are  from  the  cylindrical  curved  plate 
electrostatic  analyzers  flown  on  the  F-2  and  F-4  satellites  of  the  Defense 
Meteorological  Satellite  Program  and  the  P78-1  spacecraft  of  the  Space 
Division,  Space  Test  Program. 

The  detectors  on  the  DMSP  satellites,  designated  SSJ/3,  consist  of  a  pair 
of  curved  plate  electrostatic  analyzers,  one  covering  the  energy  range  from  50 
o'/  to  !  KeV  in  eicht  semT-lo"»*,i*hr'ic:*VIy  channels,  and  one  covering 

the  energy  range  from  1  KeV  to  20  KeV,  again  also  in  eight  channels.  The  two 
analyzers  are  stepped  through  the  eight  channels  together  such  that  a  complete 
spectrum  over  the  entire  energy  range  is  produced  once  per  second.  The  DMSP 
satellites  are  three  axis  stabilized.  The  SSJ/4  detectors  are  oriented  such 
that  their  look  directions  are  always  towards  the  local  zenith.  The  detector 
on  the  P78-1  satellite,  designated  CRL-251,  consists  of  a  pair  of  SSJ/4 
detectors  mounted  at  right  angles  to  each  other  with  their  look  directions  in 


the  spin  plane  of  the  satellite.  The  one  difference  between  the  CRL-251  and 
SSJ/3  detectors  is  that  for  CRL-251,  the  16  channels  are  swept  4  times  per 
second,  as  opposed  to  once  per  second  for  SSJ/3.  The  P78-1  satellite  is  spin 
stabilized  with  the  spin  plane  in  the  orbit  plane,  and  the  spin  axis 
orthogonal  to  the  Earth-sun  line.  The  satellite  rotates  at  11  rpcn. 

Both  the  F-2  and  F-4  satellites  were  planned  to  be  in  circular  sun 
synchronous  orbit  at  an  altitude  of  840  kilometers  and  an  inclination  of  97.4° 
in  the  dawn-dusk  and  1000-2200  meridians,  respectively;  F-4  achieved  its 
orbit,  but  the  F-2  orbit  precessed  approximately  2  hours  toward  the  0800-2000 
meridian  over  its  two  and  one-half  years  lifetime. .  The  orbital  coverage  of 
the  two  satellites  In  a  magnetic  local  time- corrected  magnetic  latitude 
coordinate  system  is  shown  in  Figure  1.  The  P78-1  satellite  was  launched  into 
a  600  kilometer  circular  sun  synchronous  orbit  In  the  noon-midnight  meridian. 
The  three  satellites  clearly  provide  coverge  of  all  latitudes  and  MLT  except 
for  a  small  region  at  low  latitudes  post-midnight  and  post-noon. 

Data  from  the  F-2  and  F-4  satellites  are  available  between  September  1977 
and  February  1980  and  April  1979  to  August  1980.  The  SSJ/3  detectors  were 
used  as  operational  sensors  on  the  satellite,  and  as  such  were  operated 
continuously.  Approximnately  80%  of  the  data  was  recorded  such  that  the  data 
set  consists  of  approximately  17000  northern  or  southern  hemisphere  passes  for 
the  F-2  satellite,  and  approximately  10000  for  the  F-4  satellite.  The  data 
from  P78-1  were  available  for  the  time  period  from  February  1979  to  January 
1980.  The  data  set  comprises  approximately  1800  hemispheric  passes. 

SECTION  III.  DATA  ANALYSIS  PROCEDURES 

In  this  study,  we  divided  the  high  latitude  region  into  zones  In  magnetic 
local  time  and  corrected  geomagnetic  latitude.  In  MLT,  the  divisions  were  48 


one-half  hour  sections.  In  latitude,  there  were  30  divisions  at  2°  increments 
between  50  and  60  degrees,  1°  increments  between  60  and  80  degrees,  and  2° 
increments  from  80  to  90  degrees.  Seven  such  matrices  were  created,  one  for 
the  Kp  *  0,  0+  cases,  one  for  Kp  *  1-,  1,  1+  cases,  and  so  on  up  to  Kp  =  5-, 

5,  5+.  The  last  matrix  included  all  cases  greater  than  Kp  *  6-.  Fifteen 
months  of  data  were  used  from  the  F-2  and  F-4  satellites.  The  fifteen  months 
were  chosen  to  give  an  even  distribution  of  the  data  over  the  seasons  of  the 
year  and  to  provide  sufficient  coverage  at  high  activity.  Altogether,  the  15 
months  of  data  provided  13.6  million  spectra.  All  orbits  of  the  P78-1 
satellite  in  the  interval  from  February  1979  to  January  1980  were  used.  For 
these  orbits,  only  the  zenith  looking  spectra  were  used.  This  comprised 
approximately  1  million  additional  spectra.  In  each  zone,  the  average  and 
standard  deviation  of  the  differential  number  flux  for  each  of  the  16  energy 
channels  of  the  detector  were  calculated  using  all  spectra  that  fell  within 
that  zone.  The  final  product  is,  therefore,  the  average  spectrum  in  each  zone 
at  each  level  of  activity. 

For  the  purpose  of  display,  we  calculated  integral  quantities  over  the 

entire  energy  range  of  the  average  energy  spectrum.  The  three  quantities 

2 

calculated  were  the  integral  number  flux  in  units  of  e/cm  -sec-ster  defined  as 
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JT0T-  jtEj)  (E2  -  Ej)  +  I  j(Ej )  Ei+1-Erl  +  j(16)  (EJ6  -  EJ5) 

- 2 - 

2 

The  integral  energy  flux  in  units  of  keV/cm  -sec-ster  defined  as: 

15 

JET0T  «  Ej  j(Ej)  (e2-ej)+  *  j<Ei)  j(Ei>  Ei+1  "  Ei-1  + 

2 

E16  J<E16>  <E16-E15> 

and  the  average  energy  in  units  of  keV  defined  as: 


121 


EAV  =  JETOT 

3TCT 


where  j(E^)  =  the  average  differential  number  flux  in  the  i'th  energy  channel 
E..  *  the  central  energy  of  the  i 'th  energy  channel . 

To  eliminate  effects  due  to  a  small  amount  of  residual  noise  from  the  data  in 
the  average  spectra,  the  integral  quantities  were  smoothed  slightly.  The 
approach  used  was  as  follows:  For  any  value  in  the  matrix  o.  .  where  the 
subscripts  refer  to  the  i'th  MLT  zone  and  j'th  latitude  zone,  the  value  was 
recalculated  by  the  formula: 


I.  .  . 

i-l.J 


i+l*j 


1  .J+l 


i  *0-1 
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At  the  pole,  the  average  was  taken  over  all  48  MLT  zones  and  at  50°  o.  . 
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term  was  excluded  and  the  sum  was  divided  by  six.  In  the  plots  shown  in  the 
next  section,  this  procedure  was  repeated  three  times. 


SECTION  IV.  GLOBAL  MORPHOLOGY  OF  ELECTRON  PRECIPITATION 

In  this  section,  we  discuss  the  morphological  features  of  the  electron 
precipitation  derivable  from  the  global  maps  of  the  integral  number  flux, 
integral  energy  flux,  and  average  energy.  These  maps  are  shown  as  contour 
plots  in  Figures  2a-d,  3a-d,  and  4a-d,  respectively  for  KP  values  0,  2,  4,  and 
6.  We  divide  this  section  into  two  parts.  In  the  first  part,  we  discuss  the 
pattern  of  low  energy  electron  precipitation  (average  energy  <  600  eV)  with 
special  attention  to  the  intense  precipitation  seen  on  the  dayside  half  of  the 
oval.  In  the  second  part,  we  discuss  the  pattern  of  high  energy  electron 
precipitation.  In  both  parts,  we  limit  ourselves  to  description  of  the 
various  morphological  features  and  a  comparison  to  other  observations.  The 


physical  significance  of  the  various  features  will  be  considered  in  Section  V. 


SECTION  IV  a.  Low  Energy  Electrons 

Referring  to  the  maps  of  integral  flux,  one  notes  that  up  through  Kp  =  4, 

the  maximum  integral  flux  is  observed  on  the  dayside  portion  of  the  oval 

sI'rHtly  pre-noon.  Even  in  the  Kp  =  6  map,  there  is  still  at  a  local 

maximum  observed  pre-noon  although  that  leveT  is  met  or  exceeded  elsewhere  in 

the  oval.  At  Kp's  up  through  4,  this  maximum  is  embedded  in  a  crescent-shaped 

8  2 

region  of  flux  exceeding  10  electrons/cm  -sec-ster.  At  a  constant  level  of 

O 

~  2  x  10  r  this  crescent  is  not  symmetric  about  noon,  but  rather  starts  at 

~  0600  MLT  and  terminates  ~  1700  MLT.  This  asymmetry  is  clear  in  the  Kp  =  0 

8 

and  2  cases  and  less  clear  at  higher  activities.  At  the  level  of  ~  2  x  10 
2 

electrons/cm  -sec-ster,  the  crescent  region  extends  from  75  to  80  degrees  in 
geomagnetic  latitude  with  only  a  1  or  2  degree  shift  equatorward  over  the 
entire  range  in  activity.  Referring  to  the  plots  of  average  energy,  one  sees 
that  in  this  entire  region  the  average  energy  of  the  electrons  is  uniformly 

‘i 

less  than  600  eV  with  values  as  low  as  ~  100  eV.  The  average  energy  is  not 
uniform  over  the  region.  At  Kp  =  0,  the  average  energy  is  roughly  symmetric 
about  noon.  For  Kp  =  2,  the  region  is  clearly  colder  pre-noon  than  post-noon. 
At  Kp  =  4  ana  6,  tne  average  energy  becomes  again  more  nearly  symmetric  about 
noon.  In  all  cases,  there  is  a  clear  region  of  minimum  energy  embedded  in 
this  cold  regime.  For  Kp's  up  through  5  (not  shown),  this  region  of  minimum 
energy  is  centered  between  1/2  and  one  hour  in  MLT,  pre-noon.  Contours  of 
constant  energy  near  the  minimum  are  approximately  oval  in  shape  being  more 
extended  in  MLT  than  in  latitude.  The  regions  of  minimum  energy  and  maximum 
integral  flux  do  not  coincide.  Table  1  gives  the  location,  integral  flux,  and 
average  energy  for  the  two  cases  for  Kp  *  0  through  3. 
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Going  from  low  activity  to  high,  the  maximum  integral  flux  region  rotates 
towards  noon  and  moves  to  slightly  lower  latitudes.  The  integral  flux  at  the 

maximum  increases  slightly  and  the  temperature  decreases.  For  the  temperature 

i 

minimum,  the  location  in  MLT  remains  fixed  between  1100  and  1200  hours  MLT. 

The  minimum  moves  equatorward  less  than  the  integral  flux  maximum;  JTOT 
increases  and  the  minimum  average  energy  decreases.  The  energy  flux  in  the 
cold  morningside  region  is  uniformly  small.  At  the  integral  number  flux 

O 

maximum,  the  values  of  the  integral  energy  flux  are  approximately  .1  erg/cm  - 

sec-ster.  At  the  average  energy  minimum,  the  values  are  only  approximately 
2 

.07  ergs/cm  -sec-ster. 

The  average  energy  plots  show  that  the  cold  plasma  region  is  roughly 
circular  for  Kp  =  0  and  1  (not  shown)  with  the  center  of  the  circle  offset 
approximately  5  degrees  towards  magnetic  midnight. 

In  the  region  extending  in  magnetic  local  time  from  approximately  0300  to 
2000  hours  for  Kp  =  0  and  0400  to  1830  hours  for  Kp  =  1,  the  peak  integral 
flux  is  enclosed  within  the  cold  region.  In  the  rest  of  the  oval,  the  peak 
lies  just  at  or  slightly  equatorward  of  the  cold  electron  region.  For  higher 
activity,  the  cold  region  contracts  poleward  particularly  in  the  pre-midnight 
sector  such  that  for  a  larger  portion  of  the  oval,  the  peak  integral  flux 
falls  outside  of  the  cold  electron  region. 


SECTION  IV  b.  High  Energy  Electrons 

Referring  to  the  plots  of  the  energy  flux,  one  notes  that  the  location  of 
the  first  maximum  is  seen  to  colocate  with  the  region  of  maximum  energy  flux. 
Contours  of  constant  energy  flux  have  roughly  a  horseshoe  shape  syimetric 
about  the  0200  -  1400  MIT  meridian  for  Kp  *  2  through  4.  For  Kp  =  0,  the 
contours  are  rotated  such  that  they  open  in  the  pre-midnight  sector.  For  Kp  5 
and  6,  the  tendency  is  for  the  pattern  to  become  more  symmetric  about  the  noon- 
midnight  meridian.  At  all  activity  levels  above  Kp  *  0,  there  is  a  strong 
negative  gradient  in  the  energy  flux  starting  at  approximately  1000  hours  MLT. 
The  location  of  this  gradient  is  roughly  coincident  with  the  second  region  of 
maximum  average  energy.  For  Kp  *  0  and  1,  the  maximum  energy  flux  is  found 
slightly  pre-midnight.  For  all  higher  activities,  the  maximum  is  found 
post-midnight. 

Referring  again  to  the  average  energy  plots,  one  notes  that  there  is  a 
region  of  minimum  average  energy  within  the  auroral  oval.  For  Kp  «  0,  this 
region  is  centered  at  approximately  2100  hours  MLT.  For  higher  activity,  this 
region  of  minimum  energy  rotates  towards  noon.  The  average  energy  in  this 
minimum  is  approximately  the  same  as  in  the  cold  electron  region.  In  the 
plots,  it  appears  as  a  hole  particularly  evident  in  the  Kp  *  3  (not  shown)  and 
greater  cases.  It  should  also  be  noted  that  starting  at  the  Kp  *  3  case,  the 
higher  energy  plasma  is  excluded  from  an  increasing  large  portion  of  the 
morning  sector  with  the  hot  plasma  being  confined  almost  completely  to  the 
nightside  of  the  oval  for  the  Kp  =  6  case. 

As  part  of  our  analysis,  we  calculated  the  total  number  flux  and  energy 


flux  precipitating  into  each  one-half  hour  MLT  zone  for  each  level  of  Kp.  The 
results  are  shown  in  Figures  5  and  6  for  the  energy  flux  and  number  flux, 
respectively.  The  figures  show  that  Kp  orders  the  data  well.  Each  level  is 


well  separated  from  all  others.  The  only  exception  is  the  Kp  =  5  case  for  the 
energy  flux.  This  most  likely  reflects  the  relatively  low  statistics  used  to 
construct  this  map.  Figure  6  shows  that  for  Kp  ■  0  and  1,  the  maximum  energy 
flux  is  pre-midnight,  and  that  for  all  higher  activities,  the  maximum  shifts 
post-midnight  by  between  one-half  and  one  and  one-half  hours.  In  the  number 
flux,  the  values  are  seen  to  increase  most  near  midnight  and  least  near  noon. 
Integrating  over  the  entire  oval,  we  calculated  the  total  particle  and  energy 

pc 

input.  The  number  flux  has  a  roughly  exponential  rise  from  1.51  x  10 
electrons/sec-ster  at  Kp  =  0  to  1.02  x  102®  electrons/sec-ster  at  Kp  «  6, 
i.e.,  less  than  an  order  of  magnitude  increase.  For  the  energy  flux,  the 
values  go  from  1.35  x  10*®  ergs/sec-ster  at  Kp  *  0  to  2.27  x  10*^  ergs/sec- 
ster  at  Kp  =  6,  i.e.,  approximately  a  factor  of  16  increase.  Again,  as  for 
the  number  flux,  the  energy  flux  shows  roughly  an  exponential  increase.  In 
both  cases,  the  Kp  «  6  is  above  the  trend  defined  by  the  lower  Kp's  reflecting 
the  admixing  of  data  from  Kp's  larger  than  six. 

V.  DISCUSSION 

We  have  shown  that  at  all  levels  of  activity,  there  is  a  crescent-shaped 
region  of  cold  electron  precipitation  on  the  momingside  of  the  oval  extending 

o 

in  magnetic  local  time  from  ~  0600  to  1700  hours  MLT  at  a  level  of  2  x  10 
2 

electrons/cm  -sec-ster.  The  region  spans  2°  to  3°  in  latitude  generally  in 
the  range  from  76°  to  80°.  Such  a  region,  if  mapped  in  the  equatorial  plane, 
has  an  outer  edge  typically  at  approximately  12  earth  radii,  i.e.,  lying  along 
the  average  position  of  the  dayside  magnetopause.  Studies  using  magnetometer 
data  have  shown  that  the  cusp  has  a  conical  shape  only  a  few  degrees  across  at 
840  kilometers.  It  Is  therefore  difficult  to  associate  this  broad  region  of 
cold  electron  precipitation  with  particles  gaining  direct  access  through  the 


cusp  to  the  CMSP  orbit.  Rather,  it  is  more  reasonable  to  postulate  that  this 
region  results  from  a  diffusive  process  taking  place  at  the  magnetopause. 

The  asymmetry  in  the  distribution  in  local  time  and  the  pre-noon  maximum 
we  explain  as  follows:  We  assume  that  electrons  have  equal  diffusive  access 
across  the  dayside  magnetopause.  In  addition,  plasma  is  convecting  from  the 
nightside  towards  noon.  It  has  been  well  established  that  in  the  post-noon 
magnetosphere,  the  ionosphere  sets  up  a  charge  separation  electric  field  which 
shields  this  region  from  the  convection  electric  field-  The  plasma  convecting 
from  the  nightside  would  be  diverted  toward  the  magnetopause  as  it  approached 
this  region.  The  high  energy  plasma  would  simply  convect  out  through  the 
magnetopause  and  be  lost.  The  low  energy  plasma  would  be  caught  up  in  the 
electric  field  near  the  magnetopause  and  recirculated  to  the  tail.  At  the 
point  where  the  cold  plasma  from  the  tail  reaches  the  region  near  the 
magnetopause  and  is  redirected  towards  the  tail,  both  this  cold  plasma  and  the 
plasma  that  has  diffused  through  the  magnetopause  are  present  such  that  the 
total  density  is  higher  resulting  in  the  maximum  observed  at  low  altitudes. 

At  later  MLT,  no  cold  plasma  can  convect  due  to  shielding.  At  earlier  MLT, 
the  plasma  has  not  convected  to  the  magnetopause. 

The  region  of  minimum  average  energy  we  associate  with  the  cusp  since  it 
has  dimensions  and  shapes  similar  to  those  obtained  from  the  magnetic  field 
data.  For  the  high  energy  plasma,  the  maximum  in  average  ^pergy  and  energy 
flux  in  the  midnight  sector  results  from  plasma  convected  in  from  the  tail. 

Hot  electrons  tend  to  drift  to  the  east.  The  sharp  gradient  in  energy  density 
reflects  the  combined  effects  due  to  depletion  of  the  particles  on  a  flux  tube 
from  loss  into  the  atmosphere  and  the  fact  that  shielding  is  preventing  the 
plasma  from  convecting  any  further  in  magnetic  local  time.  The  fact  that  the 


second  maximum  in  average  energy  occurs  where  this  gradient  begins  strongly 
suggests  it  is  tied  to  one  or  both  of  these  processes. 
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FIGURE  CAPTIONS 


Figure  I  Combined  coverage  of  the  DMSP  F2  and  F4  satellites  in  a  corrected 
geomagnetic  latitude  -  magnetic  local  time  coordinate  system. 

2 

Figure  2  Contours  of  constant  total  number  flux  in  e/cm  sec  ster  for  KP 
values  a)  0,  b)  2,  c)  4,  and  d)  6. 
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Figure  3  Contours  of  constant  total  energy  flux  in  keV/cm  sec  ster  for  KP 

i 

values  a)  0,  b)  2,  c)  4,  and  d)  6. 

Figure  4  Contours  of  constant  average  energy  in  keV  for  KP  values  a)  0, 
b)  2,  c)  4,  and  d)  6. 

Figure  5  The  average  integral  number  flux  integrated  over  latitude  as  a 
function  of  magnetic  local  time  for  each  KP  level. 

Figure  6  The  average  integral  energy  flux  integrated  over  latitude  as  a 
function  of  magnetic  local  time  for  each  KP  level. 
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Extremely  High  Latitude  Auroras 

M.  S.  Gussenhoven 

Physics  Department .  Boston  College.  Chestnut  Hill.  Massachusetts  02/67 

Over  1600  Defense  Meteorological  Satellite  Program  north  polar  images  from  the  winters  1972-1973. 
1974-1975  were  studied  for  the  occurrence  of  auroral  arcs  at  corrected  geomagnetic  latitudes  greater 
than  803.  Auroras  at  these  latitudes  are  designated  extremely  high  latitude  auroras  and  are  categorized 
by  the  local  time  sectors  in  which  they  occur  and  their  relationship  to  discrete  oval  arcs.  A  data  base  of 
-300  cases  of  cap  auroras  was  formed  for  correlation  studies  with  geomagnetic  activity  indices  and 
solar  wind  parameters.  By  far  the  greatest  number  of  extremely  high  latitude  auroras  occur  in  the 
morning  sector  and  appear  to  be  expansions  of  the  system  of  morning  oval  arcs  poleward.  The 
remaining  categories  include  evening  arcs  expanding  into  the  cap;  single,  sun-aligned  arcs;  and 
midnight  sector  oval  auroras  expanding  into  the  cap.  Except  for  the  last  category  the  auroras  occur  for 
similar  magnetospheric  conditions;  moderate  values  of  Kp  and  Dst.  but  comparatively  low  values  of 
AE.  They  also  occur  preferentially  for  high  solar  wind  speed  and  for  positive  B;.  While  far  less  clear, 
their  location  in  the  cap  shows  a  dependence  on  B,.  Morning  (evening)  arcs  occur  with  greater 
frequency  for  negative  (posilivel  By. 


Introduction 

Observations  of  auroral  arcs  near  the  magnetic  poles  have 
been  reported  in  the  literature  for  many  years.  Often  the 
reports  were  of  individual  sightings,  fortuitously  made  from 
ground,  airplane,  or  rocket,  and  limited  by  the  motion  of  the 
observer,  or  the  arcs,  or  both,  and  also  by  the  infrequency  of 
occurrence  and  lifetime  of  the  arcs.  Nevertheless,  in  the 
composite  of  auroral  studies,  polar  cap  arcs  have  come  to 
mean  weak,  sun-aligned  arcs  occurring  poleward  of  the 
auroral  oval  during  quiet  times  and  occurring  rarely  [Davis, 
1960,  1962a,  h\  Denholm.  1961;  Denholm  and  Bond.  1961; 
Akasoftt,  1963,  1968.  1972;  Gustaffson,  1967;  Lassen,  1968, 
1972;  Eather  and  Akasoftt.  1969;  Whalen  et  a!.,  1971; 
Romick  and  Brown.  1971;  Akasoftt  et  at.,  1972]. 

There  is  disagreement  on  the  lifetimes  of  polar  cap  arcs. 
They  are  sometimes  referred  to  as  short  lived,  but  have  been 
recorded  in  all-sky  camera  pictures  taken  at  1-min  intervals 
as  lasting  for  more  than  an  hour  (J.  A.  Whalen,  private 
communication,  1977).  In  addition,  they  are  found  to  occur 
more  often  in  the  morning.  However,  in  the  morning  sector, 
sun  alignment  and  oval  alignment  are  nearly  the  same,  as 
pointed  out  by  Lassen  1 1973],  and  it  is  unclear  whether  polar 
cap  arcs  are  distinguishable  from  a  collection  of  morning 
oval  arcs  expanding  poleward  \Meng,  1981].  Akasofu  (1968) 
and  Pike  [1975]  show  the  occurrence  of  these  arcs  as 
characteristic  of  the  recovery  phase  of  substorms. 

In  one  of  the  earliest  statistical  studies  of  auroras  at  high 
latitudes,  Davis  1 1963]  found  the  occurrence  of  morning  arcs 
observed  from  Thule  (86.8°  corrected  geomagnetic  latitude) 
to  anticorrelate  with  magnetic  activity.  More  recently,  Las¬ 
sen  and  Danielsen  ( 1978)  constructed  mass  plots  of  arcs 
recorded  by  all-sky  cameras  at  high  latitude  stations  for 
times  of  no  substorm  activity.  They  ordered  the  plots 
according  to  the  interplanetary  magnetic  field  components  to 
show  contraction  of  the  auroral  oval  and  greater  definition  of 
a  polar  cap  system  of  arcs  with  increasing  B:.  The  polar  cap 
arc  system  is.  however,  quite  clearly  present  in  the  mbrning 
for  all  but  the  most  negative  values  of  B:.  Thus  ground-based 
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observations  siiow  an  asymmetric,  but  systematic  in voi ce¬ 
ment  of  the  polar  cap  which  is  related  to  magnetic  activity 
and  the  IMF  c  component. 

Imaging  devices  on  the  polar  orbiting  ISIS  and  Defense 
Meteorological  Satellite  Program  (DMSP)  satellites  have 
greatly  increased  the  extent  of  polar  cap  and  auroral  zone 
coverage  and  have  prompted  several  studies  of  polar  cap 
arcs.  Focus  has  been  on  the  most  dramatic  of  auroras  in  high 
latitude  regions;  the  single,  well-defined  arc  directly  crossing 
the  cap.  passing  near  the  magnetic  pole  and  sun  aligned. 
Excellent  examples  of  these,  obtained  from  the  DMSP 
satellites,  are  shown  by  Menu  ond  Akasofu  [  1976).  Studies 
made  from  the  ISIS  data  for  approximately  50  cases  of  polar 
cap  arcs  demonstrated  that  the  arcs  occur  for  interplanetary 
conditions  of  northward  B-  and  magnetospheric  conditions 
in  which  AE  has  a  local  minimum  \Berkey  et  al..  1976;  Ismail 
et  al.,  1977].  These  findings  are  consistent  with  ground 
observations.  Ismail  et  al.  [  1977]  also  point  out  that  w  hile  the 
occurrence  of  sun-aligned  polar  cap  arcs  is  low,  they  have 
been  observed  on  successive  passes,  possibly  indicating 
persistence  on  the  order  of  hours. 

The  work  presented  here  is  a  statistical  study  of  the 
occurrence  conditions  for  arcs  recorded  in  DMSP  images  at 
extremely  high  latitudes:  280°  corrected  geomagnetic  lati¬ 
tude  (CGL).  The  80°  boundary  is  chosen  to  minimize  the 
problems  associated  with  defining  a  polar  cap  boundary.  The 
region  within  10°  of  the  magnetic  pole  is  generally  conceded 
to  be  within  the  cap,  but  even  if  this  is  not  alw  ays  the  case, 
the  region  is  well  defined.  The  study  is  the  first  of  three 
companion  pieces  concerning  polar  cap  arcs.  The  principal 
motivation  for  examining  polar  cap  arcs,  statistically  and  in 
detail,  is  an  understanding  of  the  mcchanixm(s)  of  energy, 
mass,  and  momentum  transfer  to  the  polar  cap.  The  arcs  are 
indicators  of  such  mechanisms  since  they  imply  increased 
particle  fluxes  and  particle  acceleration.  The  second  paper, 
by  Hardy  et  al.  [this  issue |.  is  concerned  with  electron 
precipitation  in  and  near  polar  cap  arcs;  and  the  third,  by 
Burke  et  at.  (this  issue),  with  the  relationship  of  arcs  to 
electric  fields  and  currents.  Therefore,  to  avoid  repetition, 
the  scope  of  analysis  and  discussion  in  this  paper  is  strictly 
limited  to  a  determination  of  the  most  favorable  conditions 
under  which  visible  arcs  are  found  in  the  cap  regions. 
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Data  Base  and  Categorization  of  Extremelv  High 
Latitude  Auroras 

Images  from  satellites  in  the  Defense  Meteorological  Sat¬ 
ellite  Program  (DMSP)  are  the  basis  of  the  study.  The 
program  routinely  places  sun  synchronous  satellites  into 
circular  polar  orbits  at  altitudes  —800  km.  such  that  there  are 
two  satellites  in  orbit  at  a  time.  One  satellite  orbit  is  in  the 
dawn-dusk  meridian,  the  other  in  the  noon-midnight  merid¬ 
ian.  Auroral  images  are  made  by  means  of  scanning  radiome¬ 
ters  on  board  the  satellites  and  are  now  familiar  research 
tools.  Their  properties  have  been  extensively  discussed 
[Akasofa,  1974:  Pike  and  Whalen.  1974;  Rogers  et  at..  1974; 
Snyder  el  at..  1974;  Carovillano.  1975;  Sheehan  and  Carovil- 
lano.  1978;  Eather.  19791. 

The  DMSP  images  from  1972  to  1976  were  surveyed.  The 
group  of  DMSP  images  that  were  found  to  be  most  appropri¬ 
ate  for  the  study  were  those  obtained  during  the  winters  of 
1972-1973  and  1974-1975.  For  the  two  winters  chosen  good 
coverage  of  the  polar  cap  region  w  as  consistently  obtained  in 
the  images  of  both  satellites.  In  addition,  good  coverage  in 
supporting  data  was  available.  Only  northern  hemisphere 
images  were  used.  All  images  for  the  winter  months  chosen 
were  gridded  in  corrected  geomagnetic  local  time  (MLT)  and 
corrected  geomagnetic  latitude  (CGL)  coordinates.  The 
class  of  auroras  that  occurs  above  80'  CGL  was  determined. 
A  member  of  this  class  is  called  an  extremely  high  latitude 
aurora.  No  aurora  that  reached  these  latitudes  was  excluded. 

Some  comments  on  the  limitations  of  the  data  base  should 
be  made.  A  single  DMSP  image  shows  only  a  portion  of  the 
polar  cap  region.  The  region  surveyed  changes  systematical¬ 
ly  in  a  24-hour  period  as  the  earth  rotates  under  the  satellite 
orbit  stationary  w  ith  respect  to  the  sun.  Good  coverage  of  a 
given  local  time  sector  of  the  cap  occurs  at  the  same 
universal  time  each  day,  leading  to  apparent,  but  nonphysi¬ 
cal,  variations  with  universal  time.  Since  part  of  the  cap  is  an 
unknown  quantity,  the  data  cannot  be  used  directly  for  a 
frequency  of  occurrence  study.  In  addition,  knowledge  of 
the  coexistence  of  extremely  high  latitude  arcs  in  more  than 
one  local  time  sector  is  limited.  It  should  also  be  noted  that 
very  little  information  in  the  noon  sector  is  obtained  since 
daylight  and  the  scattering  of  daylight  into  the  radiometer 
obscures  arcs  occurring  there.  On  occasion  the  noon-mid¬ 
night  and  dawn-dusk  satellites  crossed  the  polar  regions 
within  a  few  minutes  of  one  another.  For  these  times 
excellent  coverage  of  the  total  cap  was  achieved,  as  well  as 
better  time  resolution  for  arc  movement.  These  periods  are 
appropriate  to  case  studies,  one  of  which  is  presented  by 
Hardy  et  at.  [this  issue). 

Examples  of  auroras  occurring  at  extremely  high  latitudes 
in  various  local  time  sectors  are  shown  in  four  DMSP 
images:  Figures  la  through  id.  Midnight  is  near  the  bottom 
of  each  image.  Figures  1</  and  l</  show  the  midnight  sector. 
Figure  16  is  an  image  of  the  central  cap.  local  morning  is  on 
the  right.  Figure  Ir  shows  the  evening  sector. 

Because  it  is  difficult  to  reproduce  weak  features  in  DMSP 
images,  and  in  order  to  show  position  of  the  arcs  with 
respect  to  the  magnetic  pole,  separate  representations  of  the 
images  in  corrected  geomagnetic  local  time-corrected  geo¬ 
magnetic  latitude  coordinates  are  shown  in  Figures  2a 
through  2d.  Emphasis  is  placed  on  reproducing  the  form  and 
position  of  the  arcs.  An  attempt  to  reproduce  brightness  by 
the  density  of  cross-hatching  or  line  width  is  also  made. 


However,  it  is  best  to  consider  the  reproductions  as  cartoons 
of  the  original  rather  than  exact  representations. 

Each  example  in  Figure  I  (Figure  2  also)  was  chosen  to 
represent  a  class  of  extremely  high  latitude  arcs.  Each 
example  will  be  discussed.  The  class  of  arcs  of  which  the 
example  is  representative  will  be  defined.  Finally,  a  summa¬ 
ry  of  the  classes  of  extremely  high  latitude  arcs  will  be  given. 

Figure  1  a  (2a)  is  an  image  made  by  the  noon-midnight 
DMSP  satellite  8531  on  November  17.  1974.  The  polar 
crossing  was  -1115  UT.  The  oval  consists  of  quiet  arcs,  a 
confined  active  region  near  midnight,  and  diffuse  aurora 
extending  to  65'  CGL.  The  most  poleward  quiet  oval  arc  in 
the  premidnight  region  turns  sharply  toward  the  magnetic 
pole  near  midnight  and  extends  into  the  cap  to  83°  CGL. 
(The  bright  patch  in  the  upper  part  of  the  image  is  a  light 
streak.)  The  arc.  though  weak,  has  a  great  deal  of  structure. 
At  the  time  of  the  image  Kp  =  2+  and  the  hourly  averaged 
value  of  AE  was  218  nT  (nanotesla).  Figure  la  is  the  example 
of  a  class  of  arcs  for  which  the  term  ‘polar  cap  arc.'  as  used 
in  the  literature,  most  certainly  applies.  These  arcs  occur 
singly  or  at  most  in  pairs  or  triplets.  They  are  sun  aligned. 
They  can  be  weak  or  have  considerable  brightness  and 
definition.  They  can  have  a  great  deal  of  structure  (swirls, 
etc.)  or  the  appearance  of  none.  They  can  appear  to  be 
attached  to  (continuous  with)  an  oval  arc  at  one  end  (as  in 
Figure  la)  or  completely  discontinuous  with  oval  arcs.  This 
class  of  arcs  is  designated  P(  1). 

Figure  16  (26)  shows  a  good  portion  of  the  polar  cap  at 
latitudes  >75°  CGL.  The  image  was  made  by  the  dawn-dusk 
DMSP  satellite  9532  on  November  20.  1974.  The  polar 
crossing  is  -0715  UT.  Kp  was  3.  AE  was  118  nT.  The 
portion  of  the  oval  shown  is  very  quiet.  All  arcs  are  weak 
and  multiple.  The  diffuse  aurora  is  weak.  Although  very 
difficult  to  discern  in  the  image  reproduction,  arcs  reach  to 
>80°  CGL  on  both  the  morning  and  evening  sides  of  the  cap. 
as  is  shown  in  Figure  26.  Here,  however,  we  will  be 
concerned  primarily  with  the  morning  arcs.  The  morning 
arcs  that  lie  in  the  region  above  80'  CGL  are  clearly 
continuous  with  the  arcs  below  80'  CGL.  They  appear  as  a 
single  collection  that  extends  from  the  diffuse  aurora  pole- 
ward.  The  arcs  are  weak  and  thin,  often  short,  and  branching 
from  other  arcs.  Figure  16  (26)  exemplifies  extremely  high 
latitude  morning  arcs,  designated  Pi 2).  The  collection  of  arcs 
thus  designated  can  have  the  following  additional  properties: 
The  arcs  can  be  found  in  several  consecutive  passes,  ex¬ 
panding  poleward  or  contracting  equatorward.  The  arc  sys¬ 
tem  can  have  gaps.  The  most  poleward  arc  in  the  system  can 
be  comparatively  quite  bright  and  for  given  image  orienta¬ 
tions  indistinguishable  from  the  single  arcs  of  />(l).  The  arc 
system  can  extend  across  the  magnetic  pole  into  the  dusk 
sector  in  a  continuous  fashion. 

Figure  It-  (2c)  is  an  example  of  an  extremely  high  latitude 
arc  in  the  evening  sector.  The  image  was  made  on  December 
13,  1974,  by  the  dawn-dusk  DMSP  satellite  7529.  The  polar 
crossing  was  al  -0820  UT.  Again,  the  surrounding  oval  arcs 
and  the  diffuse  aurora  are  weak.  Kp  =  2,  and  AE  =  160  nT. 
The  arc  that  extends  >80'  CGL  is  weak  and  patchy  It  is 
very  obliquely  aligned  with  respect  to  the  oval.  Evening 
extremely  high  latitude  arcs,  designated  Pi 3),  occur  less 
frequently  than  those  in  the  other  categories.  While  the 
evening  oval  can  consist  of  a  collection  of  weak  arcs  as  in 
Figure  16  (26),  the  collection  differs  from  similar  morning 
arcs  by  being  more  concentrated  and  rarely  extending  to  80’ 
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CGL.  Thus  the  evening  arcs  reach  high  latitudes  both  by 
expansion  of  the  system  of  oval  arcs  poleward,  as  with  those 
in  category  P(2).  and  by  abrupt  transition  from  oval  align¬ 
ment.  as  with  those  in  category  /*(  1 ). 

Finally,  a  fourth  type  of  extremely  high  latitude  aurora 
was  found  to  occur.  An  example  of  this  is  given  in  Figure  I d 
(2d).  The  image  was  made  by  the  noon-midnight  DMSP 
satellite  8531  on  November  22.  1974.  The  time  of  polar 
crossing  was  -0620  UT.  Kp  =  3+;  AE  =  342  nT.  The  local 
time  sector  is  midnight.  Here  arcs  fill  the  midnight  region  of 
the  cap  up  to  86°  CGL.  and  are  clearly  part  of  a  very  active 
oval  that  has  expanded  poleward.  Multiple  arcs,  continuous 
with  the  oval  in  the  midnight  sector,  which  extend  to  80° 
CGL  are  designated  category  Pi  4). 

Figures  )a-ld  reveal  why  polar  cap  auroras  are  difficult  to 
define.  Auroras  can  reach  extremely  high  latitudes  in  a  wide 
variety  of  ways  and  in  all  local  time  sectors.  They  can  appear 
to  be  continuous  with  oval  aurora  at  lower  latitudes  and 
'attached’  there;  or  they  can  be  ‘attached’  to  the  oval  but 
emerge  from  it  at  large,  oblique  angles.  On  the  other  hand, 
they  can  be  ‘detached’  from  the  oval  arcs  and  not  apparently 
associated  with  any  specific  part  of  the  oval.  Arcs  at 
extremely  high  latitudes  can  be  long  or  short,  weak  or  bright, 
structureless  as  are  the  quiet  oval  arcs,  or  made  up  of  a 
series  of  distinct  swirls.  They  can  have  considerable  life¬ 
times. 

Even  with  the  extended  coverage  of  DMSP  images  it  is 
difficult  to  specify  unambiguously  categories  of  arcs  in  the 
polar  caps.  Nevertheless,  four  categories  are  defined,  princi¬ 
pally  indicating  the  portion  of  the  cap  in  which  they  are 
found,  although  each  category  possesses  other  distinguish¬ 
ing  characteristics.  In  summary,  they  are: 

1.  P(  I):  One  or  two  long,  individual  arcs  appearing  or 
actually  seen  to  originate  (or  terminate?)  in  midnight  sector 
oval  auroras.  These  arcs  can  range  from  very  faint  with  tittle 
structure  to  bright  and  sharp  and  interiorly  convoluted. 

2.  P( 2);  Extremely  high  latitude  morning  auroras.  The 
discrete  arcs  that  appear  in  the  local  lime  range  of  0400-0900 
MLT  are  characteristically  fine  and  multiple.  Their  orienta¬ 
tion  is  difficult  to  establish.  They  appear  sun  aligned,  but  the 
oval  itself  is  sun  aligned  near  0600  MLT.  When  this  array  of 
short  weak  arcs  moves  to  latitudes  a80°.  they  are  identified 
as  belonging  to  the  P( 2)  category. 

3.  P(3):  Arcs  principally  in  the  evening  sector.  This 
category  includes  patches  and  arc  fragments  that  can  extend 
across  the  cap  to  morning  hours,  but  are  distinguishable 
from  the  morning  arc  system.  It  also  includes  well-defined 
high-latitude  arcs  attached  to  the  evening  sector  (1600-2000 
MLT). 

4.  P(4):  Extremely  high  latitude  midnight  oval  auroras. 
This  type  of  aurora  occurs  when  the  oval  expands  polew  ard 
to  extremely  high  latitudes. 

For  the  winters  of  1972-1973  and  1974-1975,  over  300 
cases  of  extremely  high  latitude  auroras  were  identified  in 
nearly  1600  DMSP  images.  They  are  distributed  according  to 
category  as  follows:  /’ll) — 1977;  P( 2) — 51 77;  P(3) — 97?; 
P(4) — 219?. 

Of  the  317  cases  of  extremely  high  latitude  auroras  shown 
in  the  satellite  images,  135  (42.57?  of  the  total)  were  followed 
within  100  min  by  another  case.  While  true  persistence  of  the 
arcs  cannot  be  determined  by  a  single  satellite,  there  were 
times  when  two  satellites  passing  within  5  to  10  mm  of  the 
same  polar  region  showed  the  arcs  to  remain  in  nearly  the 


same  position  with  near  identical  features.  Of  the  135  cases 
of ‘persistence,’  94  or  29.67?  of  the  total  (317)  occurred  with 
the  same  satellite,  or  with  a  100  min  interval.  Further,  the 
maximum  interval  of  successive  passes  in  which  extremely 
high  latitude  auroras  was  seen  in  excess  of  10  hours. 

Relationship  to  Magnetic  Activity 

In  order  to  determine  the  type  of  magnetic  activity  with 
which  extremely  high  latitude  auroras  are  associated,  the 
cases  identified  by  the  images  were  sorted  according  to 
category  and  distributed  by:  Kp.  indicating  mid-latitude 
magnetic  activity  ;  hourly  averaged  values  of  AE.  indicating 
the  strength  of  the  auroral  electrojets,  or  substorm  activity; 
and  the  hourly  averaged  value  of  Dst.  indicating  ring  current 
strength,  or  storm  activity. 

Dependence  on  Kp.  Figure  3a  shows  the  distribution 
according  to  Kp.  The  high-latitude  morning  and  evening 
arcs,  P( 2)  and  P(3).  respectively,  have  approximately  the 
same  characteristics,  peaking  at  Kp  values  of  3  and  4.  and 
showing  very  few  cases  at  low  Kp.  In  addition,  they  oc¬ 
curred  very  infrequently  for  Kp  >  4.  The  distribution  for 
category  P( 4)  is  peaked  at  Kp  =  4  and  occurs  for  higher  Kp 
values  than  the  other  categories.  This  confirms  the  impres¬ 
sion  obtained  from  the  image  survey  that  this  category 
consists  of  poleward  expansion  of  the  midnight  oval  during 
active  limes.  The  single  Pi  I )  arcs  occurred  at  low'er  values  of 
Kp  than  the  rest,  the  maximum  in  the  distribution  being  Kp 
=  2  (although  a  considerable  number  of  cases  exist  for  Kp  = 
3  and  4).  It  is  the  occurrence  of  this  type  of  auroral  arc  at 
extremely  high  latitudes  that  has  led  to  the  often  expressed 
belief  that  polar  cap  arcs  occur  in  quiet  times. 

Although  the  survey  presented  here  covers  approximately 
6  months  of  data,  it  is  possible  that  the  long  length  of  the  Kp 
interval  (3  hours)  or  a  period  of  unusual  activity  could  bias 
the  data.  In  addition,  we  know  that  moderate  levels  of 
activity  (Kp  =  2-4)  are  the  most  common.  Therefore  all 
images  surveyed  to  obtain  the  sample  of  extremely  high 
latitude  auroras  were  binned  according  to  Kp.  The  nearly 
1600  images  are  distributed  as  follows: 

Percentage 

Kp  of  Total 

0  4  5 

1  14.7 

2  18.6 

3  23.7 

4  22.9 

5  10.9 

6  4  0 

7  0.5 

The  distribution  is  near  Gaussian  peaking  at  Kp  =  3.  For 
each  category  of  extremely  high  latitude  aurora,  the  percent¬ 
age  of  the  total  number  of  images  surveyed  was  calculated 
for  each  Kp  bin.  This  gives,  at  best,  a  lower  bound  on  the 
occurrence  frequency.  The  results  are  shown  in  Figure  3b. 
from  which  essentially  the  same  conclusions  may  be  drawn 
as  from  Figure  3a.  Two  changes  of  note  are  that  the  sun- 
aligned  arcs.  Pi  I ),  now  have  a  greater  distribution  for  low  Kp 
values;  and  the  midnight  oval  expansions.  Pi 4).  are  shifted  to 
even  higher  Kp  values.  The  evening  arc  distribution.  Pi 3), 
shows  more  clearly  the  effect  of  small  sample  sire.  Finally,  it 
should  be  noted  that  not  including  midnight  oval  expansions 
Figure  3b  suggests  that  arcs  occurred  at  magnetic  latitudes 
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Fig.  1.  North  polar  DMSP  images  excmplit'wnp  the  lour  categories  of  exticmely  high  latitude  aurorav  in  each 
midnight  is  toward  the  bottom  of  the  image,  and  noon  toward  the  top  t<i)  An  example  of  single  arcs  across  the  central 
cap.  All;  taken  on  November  17.  W74.  at  -1115  UT.tM  An  example  of  multiple  arcs  continuous  uilh  the  morning  oval 
arcs.  A2|;  taken  on  November  20.  19 "4.  at  -(T1<  uT  U  I  An  example  of  arcs  extending  into  the  cap  from  the  evening 
sector.  A 31;  taken  on  December  I  V  1974.  at  -0K2U  UT  \d)  An  example  ot  midnight  oval  expansions  into  the  cap.  A4V 
taken  on  November  22.  1974.  at  ~0620  I  T. 
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The  density  of  cross-hatching  is  representative  of  the  brightness  of  the  auroras.  Thu 
latitude  auroras  which  the  cartoons  represent  are  (a)  P(l),  (/>)  P[2t,  (r)  POi,  (<D  f\ 4). 


greater  than  80°  at  least  24 %  of  the  time  when  Kp  =  3,  and 
23  .1  of  the  time  for  Kp  -  4.  In  conclusion,  this  sample  shows 
that  extremely  high  latitude  auroras  occurred  when  world¬ 
wide  magnetic  activity  (indicated  by  the  Kp  index)  was 
moderate.  The  activity  was  somewhat  less  for  single  arcs 
across  the  central  cap,  and  greater  for  oval  expansion  into 
the  cap  in  the  midnight  sector. 

Dependence  on  AE.  Figure  4  shows  the  distribution  of 
cases  of  extremely  high  latitude  auroras  for  50-nT  AE  bins 
when  separated  by  category.  Comparing  categories  it  can  be 
seen  that: 

I .  All  cases  for  AE  >  500  nT  occur  in  categories  Pi 2)  and 
P( 4).  with  by  far  the  greater  number  occurring  for  Pt4): 
midnight  oval  expansions. 


2.  The  midnight  oval  auroras.  P( 4).  are  much  more 
broadly  distributed  over  variations  in  AE  than  are  the  othci 
categories;  the  peak  distribution  for  this  category  is  consid¬ 
erably  higher  (300-400  nT)  than  for  the  other  three  catego¬ 
ries. 

3.  The  three  categories  P( I),  P(2),  and  P(3)  have  distri¬ 
butions  with  peak  values  in  the  0-  to  150-nT  range. 

4.  P(l)  and  P(3)  occur,  on  the  whole  at  less  active  times 
than  the  morning  auroras.  P( 2).  These  are  primarily  times  of 
AE  <  250  nT.  The  two  distributions  are  not  dissimilar. 

5.  For  P(l)  a  significant  portion  of  the  distribution 
(~27%)  occurs  for  AE  between  0  and  50  nT.  The  reverse  is 
also  true:  the  majority  of  cap  auroras  at  the  lowest  AE  values 
fall  within  category  P(l). 
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Fig.  3.  (a)  The  distribution  of  extremely  high  latitude  auroras,  by  category,  according  to  Kp.  (b)  The  distribution  in 
Kp  of  the  percentage  of  cases  of  extremely  high  latitude  auroras  in  each  Kp  bin  with  respect  to  the  number  of  images  in 
the  total  survey  for  that  bin.  The  distribution  is  separated  by  category. 


Dependence  on  Dst.  The  dependence  of  the  occurrence 
of  extremely  high  latitude  auroras  on  Dsi  did  not  appear  to 
have  much  additional  significance  and  is  not  shown  here. 
(Plots  of  the  distribution  may  be  found  in  the  work  of 
Cussenhoven  [1977].)  The  occurrence  frequency  of  Dst 
values  for  the  periods  surveyed  decreases  in  an  exponential 
manner  from  slightly  positive  values  (+10  nT)  to  negative 
values  up  to  -100  nT,  with  approximately  60%  of  the  time 
having  values  between  + 10  and  -20  nT.  The  distribution  of 
the  entire  class  of  extremely  high  latitude  auroras  over  Dst 
shows  somewhat  more  than  60%  of  the  cases  to  occur 
between  0  and  -30  nT,  or  shifted  from  the  total  distribution 
by  -10  nT  to  higher  ring  current  activity.  In  addition,  very 
few  cases  (9%)  occurred  for  Dst  >  0.  As  would  be  expected 
from  the  Kp  and  AE distributions  according  to  category,  the 
sun-aligned  arcs  and  evening  auroras  in  categories  P(l  I  and 
P( 3)  have  distributions  shifted  toward  lower  negative  Dst 
values  than  those  of  categories  /*(2l  and  P< 4).  Of  the  latter, 
the  midnight  oval  auroras.  />(4),  have  greater  association 
with  higher  ring  current  values,  although  both  midnight  and 
morning  auroras  occurred  for  Dst  values  to  -70  nT. 

Relationship  to  Solar  Wind  Conditions 

A  distribution  of  cases  of  extremely  high  latitude  auroras 
was  made  for  each  of  the  follow  ing  solar  wind  parameters: 
velocity,  density,  temperature,  the  magnitude  of  the  inter¬ 
planetary  magnetic  field  (IMF)  and  each  of  its  components. 
For  all  parameters  the  value  assigned  to  the  DMSP  image  is 
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Fig.  4.  The  distribution  by  category  of  extremely  high  latitude 
auroras  according  to  AE  in  50-nT  bins. 
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Such  is  not  the  case  for  B,  and  B,  whose  sign  variations 
are  on  the  same  order  as  the  time  intervals  of  missing  data. 
Further,  the  number  of  sectors  in  the  six  months  surveyed  is, 
itself,  small.  For  the  two  winters  when  both  DMSP  images 
and  interplanetary  magnetic  field  measurements  were  avail¬ 
able,  roughly  64%  of  the  surveyable  data  occurred  during 
toward  sectors  (as  determined  by  the  sign  of  B,).  Or,  there 
are  twice  as  many  surveyable  images  in  toward  sectors  as  in 
away  sectors. 

The  distribution  of  the  total  number  of  cases  of  extremely 
high  iaiiiude  auroras  in  B,  and  Bv  were  found  to  be  nearly 
equal  for  positive  and  negative  values  when  the  number  of 
toward  sector  cases  were  given  half  the  weight  of  the  away 
sectors.  A  slight  bias  exists  for  occurrence  in  toward  sectors 
(53%);  a  bias  to  which  it  is  difficult  to  attach  much  signifi¬ 
cance. 

In  looking  at  the  dependence  of  extremely  high  latitude 
auroras  upon  the  direction  of  the  interplanetary  magnetic 
field  another  approach  is  taken,  one  that  appears  to  have 
growing  success  in  ordering  high-latitude  magnetospheric 
data.  The  cases  of  auroras  are  distributed  for  each  category 
according  to  the  direction  of  the  IMF  in  the  y-z  plane.  The 
distribution  is  made  in  10°  bins. 

Figure  6  shows  the  four  distributions  for  given  categories. 


b2  in  gammas 

Fig.  5.  The  distribution  of  extremely  high  latitude  auroras,  by 
category,  according  to  B:. 

the  hourly  average  (or  occasionally,  for  velocity,  tempera¬ 
ture  and  density,  3-hourly  average)  as  listed  in  the  work  of 
King  [1977],  taken  in  the  hourly  interval  before  the  arc 
occurred.  The  coordinate  system  used  for  the  magnetic  field 
components  is  solar  magnetospheric. 

The  interplanetary  magnetic  field.  The  occurrence  of 
auroras  in  the  polar  cap  is  sensitive  to  the  direction  of  the 
interplanetary  magnetic  field.  Figure  5  shows  the  distribu¬ 
tion  of  extremely  high  latitude  auroras  according  to  B: ,  the 
north-south  component,  for  each  category.  All  categories 
except  P( 4)  show  very  strong  preference  for  occurrence 
during  times  of  B:  northward  (positive).  For  P(l)  and  Pil). 
91%  and  84%  of  the  cases  occur  for  positive  B:.  respectively. 
The  distribution  for  morning  arcs,  P( 2),  shows  a  significant 
number  of  occurrences  for  negative  B.  (18%);  however, 
nearly  all  of  these  occur  for  B;  >  -3  nT.  The  midnight  oval 
auroras,  in  F’(4).  show  the  opposite  trend;  70%  of  the 
distribution  occurs  for  B:  southward. 

In  examining  the  data  set  for  variations  in  B,  and  B,.  or 
more  generally  for  toward  (B,  positive,  B,  negative)  and 
away  (opposite  signs)  sectors,  it  was  quite  evident  that  the 
sample  w,. 

time  interv.  . . *  . 

dominated  by  sector  structures  which  persist  for  days.  Thus 
in  the  survey  of  DMSP  images  over  two  winter  periods,  it 
could  be  anticipated  that  near-equal  cases  for  B;  positive  and 
B.  negative  would  occur,  the  scale  of  the  variation  being 
much  smaller  than  the  time  surveyed.  In  addition,  there  are 
large  gaps  in  the  interplanetary  magnetic  field  data  as  the 
measuring  satellite  enters  and  remains  in  the  magnetosphere. 
This  too  should  have  no  effect  in  biasing  the  B:  sample,  since 
again,  the  missing  data  occur  for  time  intervals  on  the  order 
of  days. 


Fig.  t>.  The  distribution  of  extremely  high  latitude  auroras,  by 
category  according  to  the  direction  of  the  interplanetary  magnetic 
field  in  the  s-c  plane  The  percentage  of  the  total  in  each  category  is 
plotted  in  bin  widths  of  10°. 
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Here  are  plotted  the  percentage  of  the  total  number  of  cases 
within  a  given  category,  instead  of  the  actual  number  plotted 
in  Figure  S.  The  number  of  cases  in  each  category  is  listed. 
In  comparing  categories  Pi  I).  P{2),  and  Pi, 3).  there  is  a 
definite  trend  to  rotate  the  major  portion  of  the  distribution 
from  positive  B.  and  negative  By  for  morning  aurora  to 
positive  £■  and  positive  fl,  for  evening  aurora,  with  single 
arcs  occurring  when  the  projected  B  is  pointing  northward 
(for  small  By). 

Because  the  hourly  averaged  values  of  the  components  of 
the  magnetic  field  are  often  only  a  rough  indicator  of  the 
state  of  the  magnetic  field,  a  selection  was  made  of  the  cases 
of  extremely  high  latitude  auroras  for  which  B,  and  B.  stayed 
in  the  same  quadrant  for  2  hours  before  the  time  of  the 
DMSP  image.  If  the  effect  of  the  direction  of  the  IMF  in  the 
y-z  plane  is  real,  it  should  be  more  pronounced  for  a 
magnetosphere  subjected  a  longer  time  to  the  same  condi¬ 
tion.  The  distributions  according  to  category  are  shown  in 
Figure  7.  Again,  the  percentage  of  the  total  is  plotted,  this 
time  for  each  30°  interval  in  the  direction  of  B  projected  on 
the  y-z  plane.  The  number  of  cases  in  each  catgory  is  listed. 
The  bin  size  is  increased  because  the  sample  size  is  so 
greatly  reduced.  The  distributions  show  the  same  trend 
found  above:  extremely  high  latitude  auroras  tend  to  occur 
in  local  time  preferentially  with  the  direction  of  the  interplan¬ 
etary  magnetic  field  in  the  y-z  plane.  Assuming  B:  positive, 
they  occur  in  the  morning  for  By  negative,  (or  for  toward 
sectors)  and  in  the  evening  for  By  positive  (away  sectors). 

The  solar  wind  velocity.  In  examining  the  occurrence  of 


Fig.  7.  Same  as  Figure  6.  except  that  the  cases  of  extremely  high 
latitude  auroras  chosen  for  these  plots  occurred  during  times  when 
the  IMF  was  in  the  same  quadrant  in  the  y-:  plane  for  the  2-hour 
period  prior  to  the  occurrence  of  auroras  (as  determined  by  the 
hourly  averaged  values). 


P(i) 


300  300  '  700  Vtw  IN  fcm/t 

Fig.  8.  The  distribution  of  extremely  high  latitude  auroras,  by 
category,  according  to  the  solar  wind  speed. 

cap  auroras  in  relation  to  other  solar  wind  parameters: 
number  density,  velocity,  temperature,  and  magnetic  field 
magnitude;  only  correlation  with  velocity  appeared  to 
have  obvious  significance.  Figure  8  shows  the  distribution  in 
v,w  for  each  category  of  cap  aurora.  Each  distribution  has  a 
maximum  for  between  650  and  750  km/s,  that  is,  at  very 
high  solar  wind  velocities.  With  the  exception  of  the  first 
category,  /*(!),  the  major  part  of  each  distribution  occurs  for 
v„  greater  than  550  km/s;  87%  in  P(4)  and  74%  in  P( 2).  The 
single  arc  category,  F(l),  has  a  bimodal  structure,  with  peaks 
at  450-500  km/s  and  at  650-700  km/s. 

The  solar  wind  variation  for  1974,  and  to  a  lesser  extent  for 
the  winter  months  1972-1973,  had  developed,  with  the 
approach  of  solar  minimum,  into  a  stable  structure  with  two 
high  speed  streams  per  solar  rotation.  Gosling  et  al.  (1976] 
show  that  the  statistical  distribution  of  vn  varies  from  one 
with  a  single  peak  near  400  km/s  for  years  near  solar 
maximum,  to  a  broad  distribution  with  a  fiat  peak  between 
400  and  600  km/s  and  a  high-speed  (>650  km/s)  tail,  reflect¬ 
ing  the  high  speed-low  speed  structure  near  solar  minimum. 
The  great  majority  of  cap  auroras  in  all  categories  are  shown 
by  Figure  8  to  occur  for  velocities  characteristic  of  high¬ 
speed  streams,  or  for  the  faster  portion  of  the  low-speed 
streams  (i.e.,  above  450  km/s).  They  do  not  show  distribu¬ 
tions  characteristic  of  either  type  of  solar  wind  speed  distri¬ 
bution,  or  of  a  combination  of  the  two.  Therefore  it  can  be 
concluded  that  extremely  high  latitude  auroras  occur  prefer- 
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Fig.  9.  A  composite  of  the  occurrence  of  extremely  high  latitude 
auroras  and  the  pertinent  magnelospheric  and  solar  wind  parameters 
for  November  1974.  The  top  panel  shows  the  number  of  DMSP 
images  per  day  that  gave  good  cap  coverage  (unshaded  histogram) 
and  the  number  that  showed  extremely  high  latitude  auroras  in  all 
categories  (shaded  histogram!  The  second  panel  shows  the  percent¬ 
age  occurrence  of  auroras  (the  ratio  of  the  values  in  the  top  panel 
times  100).  The  third  panel  marks  the  times  auroras  occurred  in  each 
category.  The  fourth  panel  gives  the  daily  averages  of  the  hourly 
solar  wind  speed,  and  the  fifth  panel  gives  the  daily  averages  of  the 
solar  wind  density.  The  two  bottom  panels  give  the  daily  sum  of  Kp 
(unshaded),  the  average  of  hourly  values  of  AE  (shaded!,  and  Dst. 

entially  for  high  u,..  It  should  be  noted  that  since  a  large  part 
of  this  study  is  made  up  of  cases  of  cap  auroras  occurring  in 
•  ..  _  -*r  i07.«_|Q7*  th*  fW*pit£riCV  of 

occurrence  oi  juf oru)  ai  exticiu^.j  ijiiiuwk >  j  «/c 
characteristic  only  of  periods  near  solar  minimum. 

To  more  clearly  show  the  dependence  of  the  occurrence  of 
all  types  of  auroras  on  v,„ .  a  summary  of  the  occurrence  of 
cap  auroras  and  the  variation  of  average  values  of  magnetic 
indices  and  solar  wind  parameters  for  November  1974  is 
shown  in  Figure  9.  In  the  top  panel  the  unshaded  histogram 
gives  the  number  of  DMSP  images  for  each  day  on  which  the 
correct  latitudes  and  proper  gains  appear  so  that  polar  cap 
arcs  could  be  seen  if  they  had  been  above  the  radiometer 
threshold.  The  brightness  of  the  moon  at  the  beginning  and 
end  of  the  month  obscured  all  auroras.  The  shaded  histo¬ 
gram  in  the  same  panel  gives  the  number  of  DMSP  images 


that  do  show  extremely  high  latitude  auroras.  All  categories 
are  included.  The  percentage  of  cases  that  occur  for  the 
number  possible  is  given  in  the  second  panel.  The  third  panel 
shows  how  the  number  of  extremely  high  latitude  auroras 
(the  shaded  histogram  in  the  top  panel)  is  distributed  by 
category.  The  fourth  panel  shows  the  daily  average  of  the 
hourly  values  of  u„ .  The  two  high-speed  streams  are  appar¬ 
ent:  the  one  that  occurred  from  November  12  to  16  was  in  an 
away  sector;  the  second,  from  November  19  to  25,  was  in  a 
toward  sector.  The  three  bottom  panels  show:  the  average 
solar  wind  density,  the  sum  of  Kp  (solid  line)  and  the 
daily  average  of  AE  (dashed  line):  the  daily  average  of  Dst. 
Finaiy.  B  can  be  characterized  as  having  been  essentially 
positive  on  November  7, 8;  negative  from  November  9  to  12; 
o  <  unmeasured  from  November  13  to  20;  and  positive  from 
"  £  November  20  to  25. 

3 

.  •  -  ••umns 

(the  second  panel)  and  that  of  u,„  are  strikingly  similar.  Few 
cap  auroras  occurred  in  the  low-speed  stream  on  November 
7,8,  even  though  B.  had  large  positive  values  for  most  of  the 
period.  The  beginning  of  the  magnetic  storm  on  November  9 
»  was  coincident  with  a  large  negative  excursion  of  B:  and  a 

*  sector  change.  The  magnetic  activity  continued  into  and 

2  maximized  in  a  high-speed  stream,  still  in  the  away  magnetic 

sector.  In  the  first  high-speed  stream,  with  high  magnetic 
activity  on  the  leading  edge,  the  extremely  high  latitude 
<  auroras  were  mainly  midnight  oval  expansions  into  the  cap. 

£  As  the  magnetic  activity  and  the  velocity  decreased,  mom- 

>  ing  auroras  and  single  arcs  were  found  in  the  cap.  The 

occurrence  of  extremely  high  latitude  auroras  dropped  to 
zero  as  u,k  reached  a  minimum  between  the  two  high-speed 
streams.  In  the  second  high-speed  stream,  in  a  toward  sector 
with  many  positive  excursions  of  B:.  auroras  of  all  types 
were  found  continuously  in  the  cap. 

The  mid-latitude  magnetic  activity,  measured  by  Kp.  also 
followed  i)1H,  although  to  *  lesser  extent  than  the  percentage 
of  arcs  in  the  cap.  Of  the  two  sectors,  the  greater  activity 
occurred  during  the  away  sector,  when  B:  was  predominant¬ 
ly  negative.  The  lopsided  profiles  of  AE  and  Dst  also  reflect 
greater  auroral  activity  and  ring  current  activity  in  the  away 
sector. 

Summary  and  Discussion 

One  category  of  extremely  high  latitude  auroras  is  distinct¬ 
ly  different  from  the  rest:  the  oval  auroras  that  expand 
poleward  in  the  midnight  sector.  P[ 4).  These  occur  for 
conditions  that  are  characteristic  of  substorms:  moderate  to 
high  Kp.  and  AE:  B:  southward  and  v,n  large.  Dependence, 
if  any.  on  B,  is  undetermined.  At  this  point  it  is  not  possible 
to  identifv  ’•Hationxhip  of  this  class  of  active  auroras  to 

liiw  LTitilk  win  Wi  aiiOMOiiii  t  At  14 

however,  that  the  poleward  boundary  of  the  oval  can  have 
very  large  fluctuations  even  in  the  midnight  sector  and  for 
large  magnetic  activity. 

Consider  the  three  remaining  categories  of  extremely  high 
latitude  auroras:  P(  I ).  P(2).  and  B(3),  differentiated  primarily 
by  their  dawn-dusk  location.  All  three  have  maximum  occur¬ 
rence  for  similar  magnetospheric  and  solar  wind  conditions. 
These  are:  (I)  the  interplanetary  magnetic  field  has  a  north¬ 
ward  component;  (2)  the  solar  wind  speed  is  high;  (3) 
moderate  mid-latitude  activity,  as  measured  by  Kp:  (4)  low 
auroral  zone  magnetic  activity,  as  measured  by  AE.  The 
categories  show  the  following  difference  in  occurrence:  (5) 
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arcs  are  preferentially  located  in  the  cap  by  the  sign  of  the  y 
component  of  the  interplanetary  magnetic  field:  tf»>  the 
occurrence  of  extremely  high  altitude  auroras  in  the  morning 
sector,  type  Pi2).  greatly  exceeds  occurrence  in  other  sec¬ 
tors. 

There  is  good  agreement  with  previous  studies  in  condi¬ 
tions  I  and  4.  Berkcy  et  al.  {1976]  and  Ismail  ei  al.  [1977] 
found  that  all  cases  of  sun-aligned  polar  cap  arcs  which  they 
selected  from  the  ISIS  data  for  study  (approximately  50 
casesl  occurred  for  B:  northward  (or  undetermined).  The 
criterion  used  to  select  cases  in  the  study  presented  here  is 
more  inclusive  than  theirs  and  gives  a  sample  similar  in  more 
respects  to  that  of  Lassen  and  Danielsen  |  I978J.  The  latter 
showed  that  it  is  possible  for  arcs  in  the  morning  sector  to 
reach  latitudes  greater  than  80’  for  all  values  of  B  to  -7  nT. 
although  the  arc  density  plots  are  increasingly  denser  for 
increasing  values  of  B:.  Here,  as  well,  the  great  majority  of 
cases  of  extremely  high  latitude  auroras  in  the  first  three 
categories  occurred  for  B:  positive,  but  there  is  a  substantial 
scatter  into  negative  values  of  B:.  The  scatter  is  prevalent  for 
morning  arcs  (corresponding  to  the  morning  arcs  of  Lassen 
and  Danielsen)  but  also  exists  for  arcs  across  the  central  cap 
(corresponding  to  the  arcs  in  the  studies  of  the  ISIS  data)  and 
for  evening  arcs. 

The  finding  that  extremely  high  latitude  auroras  in  these 
categories  occurred  principally  for  low-  AE  is  consistent  with 
the  generally  held  notion  that  occurrence  of  polar  cap 
auroras  anticorrelates  with  magnetic  activity  [Dan's.  1963: 
Ismail  et  al..  1977].  The  finding  that  peak  occurrence  obtains 
for  moderate  Kp  is  not  consistent  with  this  notion.  A  strong 
correlation  between  AE  and  negative  values  of  B:  was  first 
shown  by  Arnolds-  [1971]  and  Foster  et  al.  [1971]  and  has 
been  extended  to  include  effects  of  the  solar  wind  speed.  t\„  . 
and  other  components  of  B  [see  Akasofu.  1980;  Holzer  and 
Slavin.  1978.  and  references  therein].  The  relationship  be¬ 
tween  the  two  is  most  easily  explained  as  the  consequence  of 
energy  transfer  to  high  latitudes  by  means  of  magnetic 
merging  [Aart  el  al  .  1980],  For  B:  positive  the  amount  of 
energy  transferred  by  this  process  is  small,  possibly  zero. 
The  dependence  of  eneigy  transfer  on  the  entire  range  of  B: 
has  been  described  in  terms  of  a  half-wave  rectifier  [Burton 
et  al..  1975;  Croaker.  1979  a.  b\.  Thus  conditions  1  and  4  are 
not  independent.  However,  it  cannot  be  assumed  that  Kp 
and  AE  vary  in  the  same  manner.  The  differences  in  their 
variation  were  convincingly  shown  by  Maczuwa  11978],  He 
showed  that  the  ratios  of  the  subauroral  magnetic  activity 
index.  A,„.  to  the  auroral  zone  activity  indices.  AU  and  AL 
(comparable  to  the  ratio  of  Kp  and  AE\  increase  as  B: 
becomes  more  strongly  northward.  He  interpreted  the  ratio 
increase  to  the  fading  away  of  auroral  zone  activity  (de¬ 
crease  of  AE  I  wi'h  increasing  P  « n  rh  •(  leaser  *-•  •  —•«4v.~s 

er  presci.  ...-latitude  ctlects  Oecome  apparc<>.. 

Even  more  pertinent  to  the  study  of  high-latitude  arcs  is 
Maezawa's  clear  demonstration  that  all  magnetic  indices 
( Am .  AL.  AU l  increase  with  the  solar  wind  speed,  although 
not  in  the  same  manner.  Thus  the  preferred  conditions  for 
extremely  high  latitude  auroras.  2  and  3.  namely,  high  t',_ 
and  moderate  Kp.  are  also  causally  linked. 

The  third  solar  wind  variable  that  is  at  least  statistically 
related  to  the  process  of  arc  formation  at  extremely  high 
latitudes,  is  H ,.  When  the  solar  w  ind  magnetic  field  direction 
was  maintained  (in  the  average  sense)  for  at  least  2  hours  it 
was  found  that  arcs  occurred  preferentially  in  the  morning 


(evening)  sector  for  B ,  negative  (positive).  Lassen  and 
Danielsen  1 1978]  presented  mass  plots  of  arcs  (their  Figure  3) 
which  show  that  for  B-  positive  large  concentrations  of  arcs 
occur  in  the  central  cap  for  all  separations  in  B. .  Even 
though  arcs  occur  on  both  sides  of  the  cap  for  either  sign  of 
(as  is  also  seen  to  be  the  case  in  the  data  presented  here), 
they  extend  in  a  concentrated  fashion  through  to  the  oval 
aligned  arcs  on  the  morning  side  for  B.  negative  but  have  a 
well-defined  gap  in  this  region  for  B ,  positive.  More  recent¬ 
ly.  Lassen  [1979]  has  related  his  auroral  arc  patterns  in  the 
cap  to  regions  of  sunward  convection  measured  [Burke  ei 
al..  1979]  or  predicted  by  anliparallel  field  line  merging 
| Croaker.  1979  a.  b\  during  conditions  of  B  northward.  The 
preferred  location  of  arcs  in  the  sample  presented  here  is 
also  in  the  cap  region  where  sunward  convection  would  be 
predicted. 

In  conclusion,  this  statistical  study  indicates  that  energy 
transfer  mechanisms  and  auroral  arc  processes  that  are 
pertinent  to  extremely  high  latitude  auroral  arc  formation 
must  depend  on  B..  B ,  and  u,„  as  primary  independent 
variables. 
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DMSP  Optical  and  Electron  Measurements  in  the  Vicinity 

of  Polar  Cap  Arcs 

D.  A.  Hardy  and  W.  J.  Burke 

Air  Fone  Geophysics  Laboratory.  Hanscotn  Air  Force  Base.  Massachusetts  01731 

M.  S.  Gussenhoven 

Boston  Colle/te.  Chestnut  Hill.  Massachusetts  02167 

Wc  have  completed  an  extensive  analysis  of  the  electron  and  optical  data  from  the  DMSP  satellites 
for  an  extended  period  of  polar  cap  arc  occurrences  on  December  12.  1977.  The  polar  cap  arcs  are 
observed  in  three  distinct  intervals  in  a  period  of  quieting  after  a  time  of  intense  substorm  activity. 
Each  interval  occurs  when  the  IMF  B ,  is  less  than  0  and  follows  a  northward  turning  of  the  IMF  B 
The  intervals  are  separated  hi  periods  of  southward  B.  s*ruJ  "eal.  suhstorm  artu"  ■.,!•...(•  no 

ennaticto  precipitation  is  mk,  in  me  polar  cap.  1  lie  poiar  cap  arcs  persist  for  periods  of  more  than  an 
hour  with  only  gradual  vanation  in  position  and  intensity.  At  the  time  of  our  study  the  highext-energy 
flux  and  average  energy  for  electrons  precipitating  into  the  polar  cap  are  seen  in  the  nonhem  polar  cap. 
The  observation  of  polar  cap  arcs  is  associated  with  the  admittance  of  large  and  variable  fluxes  of  low- 
energy  electrons  into  a  major  portion  of  both  the  nonhem  and  southern  hemisphere  polar  caps  These 
fluxes  fall  into  the  following  categories:  First,  nearly  Maxwellian  distributions  of  electrons  with 
temperatures  between  50  eV  and  200  eV  and  number  densities  varying  from  0.03  cm'  to  4/cmV  The 
highest  densities  are  found  at  the  poleward  boundary  of  the  diffuse  aurorae  and  near  the  visible  polar 
cap  arcs.  The  lowest  densities  are  associated  with  the  polar  rain.  Second,  distributions  of  electrons 
peaked  between  50  eV  and  200  eV.  These  distributions  result  from  acceleration  of  the  cold  Maxwellian 
distribution  through  a  potential  of  50  to  200  V  without  any  heating  of  the  electrons.  Third,  distributions 
of  electrons  displaying  two  populations:  an  intense  low-energy  component  with  a  temperature  of  -  20 
eV  and  a  much  weaker  high-energy  component  with  a  temperature  of  180  eV.  We  interpret  such 
distributions  as  evidence  of  direct  admittance  of  magnetosheath  electrons  into  the  polar  cap.  Fourth, 
distributions  of  electrons  peaked  at  -I  keV.  These  distributions  produce  the  visible  arcs.  They  result 
from  the  acceleration  of  a  two-component  electron  population  with  temperatures  of  100  and  350  eV 
through  a  potential  drop  of  ~750  V. 


Introduction 

For  a  variety  of  reasons,  discrete  auroral  arcs  in  the  polar 
cap  have  been  studied  far  less  extensively  than  their  counter¬ 
parts  in  the  auroral  oval.  Most  of  the  currently  existing 
information  concerning  polar  cap  arcs  comes  from  ground- 
based  [Davrs.  I960;  Lassen  and  Daniels en.  1978],  aircraft 
( Ealher  and  Akusofu,  1969).  and  satellite-borne  [ Berkey  el 
a!..  1976;  Ismail  et  a!.,  1977;  Menu  and  Akasofu,  1976; 
Gussenhoven.  this  issuel  optical  instrumentation.  In  recent 
years,  this  information  has  been  supplemented  by  direct 
measurements  of  electrons  bombarding  the  polar  cap 
\Burch,  1968;  Hoffman  and  Evans,  1968;  Winninnham  and 
Heikkila,  1974;  Foster  and  Burrows,  1976:  Burch  et  a!.. 
1979J.  Measurements  by  Whalen  et  al.  [  197 1  ].  Mena  and 
Akasofu  [1976).  and  Ismail  et  al.  [1977)  include  simultaneous 
observations  of  electron  fluxes  into  and  visible  emissions 
from  polar  cap  arcs. 

Arcs  in  the  polar  cap  are  generally  aligned  close  to  the 
sunward-antisunward  direction  but  occasionally  deviate 
from  this  direction  in  the  midnight  sector  to  follow  the 
boundary  of  the  auroral  oval  | Menu  and  Akasofu,  1976). 
They  tend  to  appear  during  periods  of  magnetic  quieting 
[5rorJcm'  and  Feidshteyn.  1971;  Gussenhoven.  this  issue) 
when  the  IMF  has  a  northward  component  [Berkey  et  al.. 
1976).  A  northward  IMF  B-  does  not  appear  to  be  a  strictly 
necessary  condition  [Lassen  and  Duntelsen.  1978)  and  cer- 
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tainly  is  not  a  sufficient  one.  Although  the  most  dramatic 
example  is  the  single,  sun-aligned  arc  stretching  from  noon 
toward  midnight,  polar  cap  arcs  are  usually  multiple  ard 
occur  twice  as  often  on  the  dawn  side  as  on  the  dusk  side  of 
the  polar  cap  ( Ismail  et  al..  1977).  Recently.  Menu  [I98U/J 
has  cautioned  that  many  sun-aligned  arcs  at  high  latitudes 
may  really  be  auroral  oval  rather  than  polar  cap  arcs. 

The  high  intensity  ratios  of  6300  A/4278  A  [Ealher  and 
Akasofu,  1969)  and  5777  A/3914  A  | Ismail  et  al.,  1977) 
emissions  indicate  that  electrons  with  typical  energies  s  ) 
keV  are  the  sources  of  visible  polar  cap  arcs.  Weber  and 
Buchau  [1981)  have  identilied  a  class  of  subvisual  arcs  at  F 
layer  altitudes  which  are  caused  by  electrons  with  energies 
of  a  few  hundred  eV.  Direct  measurements  of  panicles 
entering  the  quiet  time  polar  cap  reveal  two  types  of  precipi¬ 
tation:  (I)  a  uniform  flux  of  low-energy  (-200  eV)  electrons 
with  energy  fluxes  of  10":  to  10“'  erg'cnr  s  sr  known  as 
‘polar  rain'  and  (2)  narrow  regions  of  more  intense  keV 
electron  fluxes  known  as  'polar  showers'  [ Winninnham  and 
Heikkila.  1974).  Polar  shower  electron  fluxes  are  probably 
the  same  as  the  bursts  of  keV  electrons  measured  by  OGO  4 
instrumentation  [Hoffman  and  Evans.  I968|.  Rocket  mea¬ 
surements  by  Whalen  et  al.  [1971)  over  a  polar  cap  arc 
showed  electron  energy  distribution'  similar  to  'polar  show¬ 
ers'  and  to  those  reported  by  Huffman  and  Evans  but  they 
were  isotropically  distributed  over  the  downcoming  hemi¬ 
sphere.  A  recent  study  by  Buri  It  et  al  1 1979)  has  show  n  that 
during  periods  when  the  IMF  is  in  an  away  (fi.  <  0). 
northward  (/?.  >  0)  sector,  structured  precipitation  of  elec¬ 
trons  that  have  been  accelerated  along  magnetic  field  lines 
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are  found  over  ihe  northern  polar  cap.  Despite  these  accel¬ 
erations  the  primary  electrons  did  not  appear  to  he  highly 
field  aligned  in  their  pitch  angle  distributions.  It  is  interesting 
that  Eather  and  Akasofu  could  explain  their  spectroscopic 
measurements  if  the  precipitating  electrons  were  field 
aligned  hut  not  if  they  were  isotropic  over  the  downcoming 
hemisphere.  Finally .  we  note  that  all  experimenters  with  the 
capability  of  measuring  proton  fluxes  above  polar  cap  arcs 
report  their  absence. 

In  this  and  a  companion  paper  | Barkc  et  al..  this  issue!  we 
present  observations  from  the  USAF  DMSP  and  S3-2  satel¬ 
lites  dealing  with  the  detailed  phenomenology  of  polar  cap 
arcs  and  the  geophysical  context  in  which  they  occur.  Both 
papers  arc  in  the  forms  of  case  studies.  Simultaneous  optical 
and  electron  flux  measurements  were  taken  during  12  passes 
of  two  DMSP  satellites  between  0400  and  2300  L’T  on 
December  12.  1977.  This  day  was  marked  by  alternating 
periods  of  weak  substottr.  activity  in  tne  auioia:  ovai  and 
discrete  arcs  in  the  polar  cap  The  companion  paper  focuses 
on  measurements  of  electric  fields  and  Birkcland  currents 
taken  during  several  daw  n-dusk  passes  of  S3-2  over  the  polar 
cap  when  the  IMF  had  a  northward  component.  Due  to  the 
small  geometric  factor  of  the  S3-2  spectrometer  only  the 
most  intense  polar  cap  fluxes  were  significantly  above 
instrument  background.  No  visible  imagery  is  available. 
However,  the  spectral  similarity  of  downcoming  electrons  to 
those  reported  here  and  elsewhere  assure  us  that,  at  least  in 
some  instances.  S3-2  passed  over  visible  polar  cap  arcs. 

In  the  following  section,  we  describe  the  DMSP  instru¬ 
mentation  and  the  mode  of  electron  data  presentation.  The 
data  observations  section  is  divided  into  three  parts:  (1)  the 
geomagnetic  and  IMF  conditions  on  December  12.  1977;  (21 
the  nearly  simultaneous  measurements  of  visual  emissions 
from  DMSP  satellite  near  the  moon-midnight  (DMSP/FI) 
and  the  dawn-dusk  (DMSP  F2)  meridians;  and  (3)  fluxes  of 
electrons  measured  in  16  energy  channels  between  50  eV  and 
20  keV  by  a  zenith-looking  electron  spectrometer.  The 
discussion  section  contains  a  comparison  of  DMSP  observa¬ 
tions  with  previously  reported  results  and  some  comments 
on  possible  source  mechanisms  for  (he  observed  electron 
fluxes. 

Instrumentation  and  Data  Prestnt.ation 

Each  DMSP  satellite  is  three-axis  stabilized  in  a  nearly  sun 
synchronous,  circular  orbit,  the  orbital  altitude  is  840  km, 
the  period  is  101  min.  and  the  nominal  inclination  is  98.75°. 
The  orbital  plane  of  DMSP  FI  is  approximately  the  noon- 
midnight  meridian.  The  orbital  plane  of  DMSP/F2  was 
centered  near  the  0700-1900  meridian  at  launch  but  was 
subject  to  a  very  slow  prccessional  drift  toward  later  local 
times.  Owing  to  the  offset  between  the  earth’s  spin  axis  and 
magnetic  axis,  each  orbit  has  significant  diurnal  and  seasonal 
variations  in  the  magnetic  local  time  (MLTl  and  magnetic 
latitude  frame,  more  than  might  be  assumed  from  its  restric¬ 
tion  in  geographic  local  time. 

Each  DMSP  satellite  carries  a  scanning  radiometer,  as  the 
principal  weather-monitoring  experiment,  which  produces 
the  now  familiar  DMSP  images  I  he  spectral  characteristics 
of  the  radiometers  are  well  documented  | Luther.  I979|  The 
time  for  a  DMsP  satellite  to  cross  the  auroral  /one  is 
approximately  1(1  mm  Throughout  December  12.  the  two 
satellites  passed  over  the  same  polar  region  within  about  15 
min  ol  each  other  Therelore  excellent  coverage  of  the 


auroral  and  polar  cap  region  is  obtained  by  forming  a 
composite  image  from  the  two  satellites  This  technique  is 
valid  so  long  as  the  phenomena  of  interest  change  slowly  on 
time  scales  longer  than  10  min.  The  DMSP  images  do  not 
reproduce  well,  especially  during  quiet  times  Instead  of 
reproducing  the  images  taken  on  December  12.  by  the  two 
satellites,  the  format  we  choose  for  presenting  the  optical 
data  in  the  following  section  is  the  'cartoon'  form  developed 
by  Gusscnhoven  {this  issue).  The  cartoon  representations 
are  drawn  in  corrected  geomagnetic  latitude  and  MLT 
coordinates  (Figure  2).  giving  a  uniform  orientation  and 
allowing  composite  imaging  on  the  same  scale.  In  addition, 
the  cartoons  eliminate  scan-induced  geometric  distortions 
and  roughly  compensate  for  instrument  gain  changes. 

In  addition,  the  DMSP/F2  satellite  carries  a  precipitanng 
electron  detector.  The  detector  consists  of  two  curved  plate 
electrostatic  analyzers  that  measure  the  fluxes  of  electrons 
in  16  energy  channels  between  50  cV  and  20  keV  once  per 
second.  The  aperture  of  the  analyzers  always  faces  vertically 
upward  so  that  at  auroral  and  polar  cap  latitudes  precipitat¬ 
ing  rather  than  backscattered  and  or  trapped  electrons  are 
delected.  One  analyzer  covers  the  energy  range  from  50  eV 
to  )  keV  wfith  a  geometric  factor  of  4  x  10  4  cm:  sr  and  a 
\E/E  of  10 %.  The  other  analyzer  covers  the  energy  range 
from  I  keV  to  20  keV  with  a  geometric  factor  of  10 ' 1  cirr  sr 
and  a  A £/£.'  of  12 Cr.  The  large  geometric  factors  insure  that 
the  flux  level  from  the  electrons  in  the  polar  rain  is  well 
above  the  detector's  sensitivity.  A  detailed  description  of  the 
detector  is  given  by  Hardy  ct  al.  (1979). 

Electron  data  presented  in  the  following  section  have 
three  formats.  In  the  first  format  (Figures  3-5).  data  are 
plotted  as  JTOT.  the  directional  integral  flux  (cur’ s  srr'  in 
the  bottom  panel;  JETOT.  the  directional  energy  flux 
(keV/cm:  s  sr)  in  the  middle  panel;  and  EAVE.  the  average 
energy  in  keV  in  the  lop  panel.  The  scale  for  EAVE  is  linear. 
These  quantities  are  plotted  as  functions  of  universal  time, 
corrected  geomagnetic  latitude  and  longitude,  geographic 
latitude  and  longitude,  and  magnetic  local  lime.  A  common 
feature  in  these  plots  is  a  hump  observed  in  JTOT.  JETOT. 
and  EAVE  equatorward  of  the  auroral  oval.  Such  humps  are 
produced  by  penetrating  radiation  that  directly  stimulates 
channeltrons  and  as  such  do  not  represent  real  fluxes.  The 
second  format  gives  time  sequences  of  electron  differential 
number  flux  spectra  (Figures  7.  It).  II.  and  13).  The  third 
format  shows  the  logarithm  of  the  electron  distribution 
function  as  a  function  of  energy  on  a  linear  scale  (Figures  8. 
9.  12.  and  14).  It  should  he  noted  when  comparing  particle 
and  optical  data  that  conjugate  electron  fluxes  can  lag  or  lead 
substatellite  imagery  by  up  to  25  s  because  of  tilt  of  magnetic 
fields  lines  | Meng  <■/  al..  1978). 

At  rokai  Activity  and  Solar  Wind  Conditions 
GvomaynrUt  and  IMF  Conditions 

The  interplanetary  and  magnetosphenc  conditions  prior  to 
the  time  interval  (*400-2300  L'T  on  December  12  were  as 
follows:  From  December  6  lo  9  the  IMF  was  in  a  ’toward 
sector  and  the  magnetosphenc  activity,  as  measured  by  Kp. 
was  minimal  The  ~Fp  for  these  days  was  9.  6-.  3.  6-.  A 
change  to  an  'away'  sector  occurred  in  the  last  2  hours  on 
Deccmhcr  Id.  The  transition  was  accompanied  by  an  hourly 
average  B:  of  *  113  nf.  followed  by  30  hours  of  large  and 
persistent  negative  H  values  tup  to  -13.1  nTi.on  December 
II  and  into  December  12.  At  the  sector  transition  the  solar 
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Fig.  I.  Survey  of  geomagnetic  activity  for  December  12.  1977. 
The  H  component  measured  at  10  high-latitude  stations  is  given  as  a 
function  of  universal  time.  The  stations  are  arranged  in  magnetic 
longitude.  The  solid  bar  represents  a  200-nT  deflection  in  H 
Asterisks  below  the  Thule  magnetogram  give  the  lim-s  of  DMSP 
north  polar  passes,  with  solid  bars  indicating  times  when  polar  cap 
arcs  were  present  in  the  imagery.  The  bottom  panel  gives  the  hourly 
averaged  value  of  IMF  B.. 

wind  speed  rose  from  310  to  480  km/s,  after  which  it 
remained  high.  The  density  rose  from  8cm"3  to  45  cm'3  and 
fell  back  to  an  -10  cm"3  level  (King,  1979].  On  December 
11,  S.Kp  =  36-.  The  period  following  this  activity,  on 
December  12,  is  presented  here.  The  Kp  values  for  Decem¬ 
ber  12  were:  4+,  6-.  3,  3-,  2-,  2+,  3-.  Throughout  the 
period  of  interest  on  December  12  the  solar  wind  speed  was 
moderate  (482  ±  8  km/s)  and  density  was  high  (11.1  ±2.2 
cm"3). 

Magnetic  activity  as  observed  at  selected  high  latitude 
stations  on  December  12  is  given  in  Figure  1.  The  stations 
are  ordered  according  to  longitude  with  their  magnetic 
latitudes  and  longitudes  gisen  in  parentheses.  The  times  at 
which  the  stations  passed  through  midnight  are  marked  by 
circles.  Asterisks  show  the  times  of  DMSP  north  polar 
passes;  the  bars  indicate  the  presence  of  polar  arcs.  The 
hourly  averages  of  B:  given  in  the  bottom  trace  show  that  the 
IMF  had  a  southward  component  for  the  hrst  5  hours  of  the 
day.  This  was  accompanied  by  strong  substorm  activity  at 
Leirvogur,  Narssarssuaq.  and  Yellowknife.  Southward  turn¬ 
ings  of  the  IMF  between  1 100  and  1200  UT  and  between  1800 
and  2000  UT  were  also  accompanied  by  substorms.  From 


the  distribution  of  asterisks  and  bars,  we  note  that  polar  cap 
arcs  were  observed  only  during  periods  of  northward  IMF. 
However,  there  were  periods  with  B:  >  0  during  which  no 
polar  cap  arcs  were  discernible  in  the  DMSP  imagery. 

DMSP  Visual  Imagery 

Optical  images  taken  by  the  FI  and  F2  DMSP  satellites 
over  the  northern  hemisphere  during  the  last  20  hours  of 
December  12,  1977.  are  synopsized  in  Figures  2 a  and  2b. 
The  coordinate  system  is  corrected  geomagnetic  latitude 
versus  magnetic  local  time.  Portions  of  the  F2  trajectories 
for  which  electron  data  are  available  are  represented  by  solid 
lines.  Tick  marks  along  the  trajectories  denote  electron 
precipitation  boundaries.  The  universal  times  that  the  satel¬ 
lites  passed  closest  to  the  magnetic  pole,  the  solar  geomag¬ 
netic  YZ  projections  of  the  IMF,  and  the  locations  of  the 
auroral  zone  magnetic  stations  (Figure  1)  are  provided  for 
reference. 

The  sequence  of  events  shown  in  Figure  2a  is  as  follows: 

~0400  VT.  Bz  is  large  and  negative.  The  auroral  oval 
near  midnight  extends  from  62°  to  78°;  bright,  discrete  arcs 
border  the  polar  cap  which  is  empty.  (Note  that  the  particle 
boundaries  show  much  greater  dawn-dusk  symmetry  than 
might  be  deduced  from  visual  features.) 

— 0600  UT.  Bt  has  a  small  positive  value.  The  diffuse 
oval  boundary  has  moved  poleward  -3°  in  the  dawn-dusk 
meridian  but  remains  essentially  constant  near  midnight. 
The  system  of  bright,  discrete  arcs  has  also  moved  consider¬ 
ably  poleward,  by  almost  8°  in  the  dusk  sector.  The  empty 
polar  cap  has  shrunk  to  about  12°  diameter. 

— 0800  UT.  Bz  is  northward;  the  B>  component  is  small. 
The  diffuse  auroral  boundary  near  midnight  and  in  the 
morning  sector  has  moved  only  slightly  poleward  (-1°);  the 
diffuse  aurora  has  thinned  considerably.  An  arc  system, 
composed  in  the  main  of  two  long,  structureless  arcs, 
extends  from  near  midnight,  across  the  magnetic  pole,  and 
into  the  noon  sector. 

—0930  UT.  B.  remains  northward.  The  morning  oval 
boundary  has  moved  poleward  by  1°,  the  midnight  boundary 
equatorward  by  1°.  The  double  arc  system  persists  across 
the  cap  with  the  following  changes:  it  is  more  elongated  and 
more  closely  approaches  the  midnight  oval;  it  is  more 
intense  and  highly  structured.  Additional  sun-aligned  arcs 
flank  either  side  of  the  two-arc  system. 

—1100  UT.  B.  remains  northward.  The  auroral  bound¬ 
aries  (visual  only)  remain  the  same.  The  polar  cap  arcs  arc 
shorter,  weaker,  and  more  uniformly  distributed.  They  arc 
no  longer  strictly  sun-aligned.  On  the  evening  side  they 
extend  into  the  weak  discrete  arcs  of  the  oval. 

—1300  UT.  B;  has  an  excursion  southward  from  1 100  to 
1200  UT  and  is  weakly  northward  from  1200  to  1300  UT.  The 
auroral  boundaries  move  equatorward  by  ~l°-2°.  There  is 
auroral  oval  activity  in  the  midnight  sector:  a  poleward  bulge 
and  evidence  of  weak  westward  surge.  The  cap  is  empty. 

Four  major  points  summarize  the  first  sequence  of  events: 

(1)  polar  cap  activity  occurs  after  B;  turns  and  remains 
northward;  the  time  delay  appears  to  be  greater  than  I  hour; 

(2)  polar  cap  activity  ceases  when  B:  has  a  southward 
excursion;  (3)  the  evolution  of  the  polar  cap  arc  system  is 
slow;  features  can  persist  for  at  least  tens  of  minutes;  and  (4) 
the  equatorward  boundary  of  the  visual  auroral  oval  varies 
less  than  3°  through  the  process  that  produced  the  empty 
cap-polar  arcs-empty  cap  dynamic. 
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Synoptic  cartoons  of  DMSP  FI  and  F2  imagery  in  corrected  geomagnetic  latitude-magnetic  local  lime  coordinates  (a)  from  0400  to 
1400  UT  and  ( b )  from  1400  to  2400  IJT  on  December  12,  1977. 
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In  Figure  2b  the  same  type  of  process  occurs  two  more 
times.  turns  northward  from  1200  to  1300  UT,  and  by  1600 
UT  arcs  appear  in  the  cap.  (At  1800  UT  only  the  F2  image  is 
available,  and  there  are  no  particle  data:  thus  the  information 
is  limited.)  B:  turns  slightly  negative  from  1900  to  2000  UT 
and  the  cap  is  empty  A  northward  turning  from  2000  to  2 100 
UT  produces  polar  cap  arcs  by  21 16  UT.  These  persist  until 
the  end  of  the  day.  The  equalorward  auroral  boundary  has  a 
persistent  poleward  movement  throughout  this  interval. 

A  comparison  of  the  images  with  the  magnetograms  in 
Figure  1  shows  that  a  high  level  of  magnetic  activity  preced¬ 
ed  the  occurrence  of  polar  cap  arcs.  The  first  and  longest 
period  of  cap  activity  occurs  when  there  is  almost  no 
magnetic  activity  at  the  auroral  latitude  stations.  The  second 
period  follows  a  weak  substorm  from  1 100  to  1400  UT.  The 
third  period  occurs  during  persistent,  weak  (  —  100  nT)  mag¬ 
netic  activity  at  Cape  Cheiyuskan,  Di.von  Island,  and  Kiru- 
na.  This  activity  results  from  electrojets  in  the  vicinity  of  the 
intense,  discrete  arcs  near  midnight  and  in  the  morning 
sector,  shown  in  Figure  2b. 

Electron  Observations 

In  this  section,  attention  is  confined  to  measurements  of 
precipitating  electrons  from  the  period  prior  to  and  during 
the  first  sequence  of  polar  cap  arcs,  from  -0500  to  1 100  UT. 
At  this  time  the  electron  data  coverage  is  most  complete  and 
the  satellite  orbits  pass  very  near  to  the  magnetic  poles.  The 
section  itself  is  divided  into  two  parts.  The  first  part  deals 
with  large-scale  characteristics  of  electron  precipitation.  The 
second  deals  with  detailed  spectral  characteristics  from  a 
single  pass. 

Larxe-Scale  Characteristics 

In  Figure  3  we  show  the  data  from  the  south  and  north 
pole  passes  of  DMSP/F2  prior  to  the  observation  of  the  polar 
cap  arcs.  The  south  pole  pass,  from  0513  to  0538  UT,  occurs 
at  the  end  of  the  large  negative  bay  seen  at  Leirvogur  and 
Narssarssuaq  and  during  the  hour  in  which  the  IMF  turns 
strongly  northward.  T  he  north  pole  pass  from  0604  to  0629 
UT  occurs  w  hen  the  midnight  magnetogram:,  show  no  sub¬ 
storm  activity  and  after  the  IMF  has  been  northward  for  -1 
hour.  In  both  cases  the  equatorward  boundary  of  the  auroral 
oval  is  at  low  magnetic  latitudes:  — 61°  and  63°  on  the 
evening  side  and  — 57°  and  59°  on  the  morning  side.  The 
poleward  edge  of  the  oval  is  confined  to  geomagnetic  lati¬ 
tudes  below  80°.  A  contraction  of  the  poleward  boundary  of 
the  oval  occurs  between  the  southern  and  northern  passes 
(refer  also  to  Figure  2<i).  In  the  northern  pass  the  poleward 
contraction  is  marked  by  the  appearance  of  highly  variable 
fluxes  of  electrons  with  average  energies  *51  keV.  Within  the 
polar  cap,  precipitation  is  nearly  uniform  polar  rain. 

Figure  4  shows  four  consecutive  south  pole  and  north  pole 
passes  of  DMSP  F2  during  the  first  period  of  polar  cap  arc 
activity.  No  electron  data  are  available  for  the  -1120  UT 
pass  shown  in  Figure  2a.  The  four  passes  show'  a  clear  and 
asymmetric  contraction  of  the  oval  following  the  northward 
turning  of  the  IMF.  The  equatorward  boundary  of  the  oval 
moves  poleward  by  I0;  on  the  morning  side  but  only  by  -4° 
on  the  evening  side. 

There  are  five  large-scale  characteristics  of  polar  cap. 
electron  precipitation  evident  in  Figure  4  to  which  we  direct 
attention: 

I.  Electrons  with  characteristics  other  than  the  polar 


rain  have  access  to  magnetic  latitudes  up  to  the  geomagnetic 
pole.  In  the  present  case,  for  both  northern  and  southern 
hemispheres  electrons  with  an  integral  flux  exceeding  10* 
el/cm:  s  sr  are  observed  up  to  the  maximum  magnetic 
latitude  crossed  by  the  satellite  (~-86°  and  -88°  for  south 
pole  passes  and  -90°  and  87°  for  north  pole  passes).  Indeed, 
in  all  four  passes  the  distance  along  the  satellite  track  during 
which  the  polar  rain  is  observed  is  a  small  fraction  of  the 
distance  between  the  equatorward  boundaries  of  electron 
precipitation.  The  pattern  of  electron  precipitation  differs  in 
one  respect  between  northern  and  southern  hemispheres. 
The  extent  over  which  the  polar  rain  is  observed  is  larger  in 
the  south  pole  than  in  the  north  pole. 

2.  Outside  the  regions  of  visible  polar  cap  arcs  the 
electrons  observed  at  magnetic  latitudes  above  —75°  have 
average  energies  below  200  eV.  Even  for  visible  arcs  the 
average  energy  of  the  associated  electrons  is  only  - 1  keV. 
Only  near  the  equatorward  boundary  of  the  oval  does  the 
average  energy  exceed  1  keV.  The  DMSP  pictures  show  that 
this  region  of  higher-energy  electrons  is  associated  with  the 
discrete  and  diffuse  visual  forms  within  the  normal  location 
of  the  auroral  oval. 

3.  The  low-energy  electrons  in  the  polar  cap  exhibit  large 
variations  in  intensity  along  the  satellite  track.  Changes  in 
the  intergral  flux  of  precipitating  electrons  by  as  much  as  a 
factor  of  100  are  observed  on  time  scales  of  5  s  or  less, 
corresponding  to  distance  scales  of  «35  km.  Whether  such 
variations  represent  spatial  or  temporal  effects  cannot  be 
determined  from  observations  of  a  single  satellite. 

4.  The  low-energy  electrons  occupy  a  significant  portion 
of  the  region  above  -70°  geomagnetic  latitude  during  the 
entire  period  in  which  polar  cap  arcs  are  observed,  in  this 
case  2  or  more  hours.  This  implies  that  the  two  phenomena 
are  most  likely  related,  i.e.,  that  the  presence  of  low-energy 
electrons  at  high  latitudes  is  a  necessary  condition  for  the 
observation  of  polar  cap  arcs.  It  is  also  of  note  that  once  the 
pattern  of  low-energy  electrons  and  polar  cap  arcs  is  estab¬ 
lished,  it  undergoes  little  change  in  intensity  for  periods  of  an 
hour  or  longer. 

5.  Although  the  low-energy  electrons  reach  high  lati¬ 
tudes  in  both  hemispheres,  the  average  energy  and  the 
energy  flux  are  larger  in  the  northern  cap.  The  energy  flux 
and  average  energy  in  the  north  pole  at  high  latitudes  reach 
values  of  5  ergs/cnr  s  sr  and  1.5  keV,  respectively,  while  in 
the  south  pole  they  are  confined  below  1  erg/cnr  s  sr  and  500 
eV.  In  addition,  the  regions  of  polar  rain  appear  to  be  larger 
in  the  southern  hemisphere.  The  importance  of  orbital 
effects  in  determining  the  extent  of  polar  rain  regions  is  not 
known.  No  imagery  exists  for  the  south  pole  passes  so 
whether  the  energy  flux  into  the  south  pole  is  sufficient  to 
produce  visual  forms  cannot  be  determined. 

Spectral  C haracteristics 

In  this  subsection  we  examine  the  spectral  characteristics 
of  the  precipitating  electrons  in  the  north  pole  pass  show  n  in 
Figure  4 b.  The  orbit  crosses  the  magnetic  pole  at  -0756  UT. 
At  approximately  this  time  there  are  two  well-defined  en¬ 
hancements  in  the  electron  average  energy  and  peaks  in  the 
electron  energy  flux.  These  correspond  to  the  two  visible 
arcs  that  extend  across  the  central  cap  in  a  sun-aligned 
manner,  as  shown  in  the  composite  DMSP  image.  A  third 
enhancement  in  the  average  electron  energy  at  -0758  UT  is 
not  seen  in  the  DMSP  images.  There  are  two  types  of  steady 
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Fig.  3.  The  electron  data  for  passes  of  the  DMSP  F2  satellite  over  the  northern  and  southern  hemisphere  auroral 
zones  and  polar  caps  prior  to  the  first  occurrence  of  polar  cap  arcs.  In  the  three  panels  from  top  to  bottom  we  have 
plotted  the  average  energy  (EAVE)  on  a  linear  scale  in  keV,  the  integral  energy  flux  (JETOT)  in  keV/cnr  s  sr.  and  the 
integral  number  flux  (JTOT)  in  el/cm2  s  sr.  The  bottom  is  annotated  with  the  universal  time  in  seconds,  the  geographic 
latitude  and  longitude  of  the  satellite  (GLAT  and  GLON).  the  geomagnetic  latitude  and  longitude  of  the  satellite  mapped 
along  magnetic  field  line  to  1 10  km  (MLAT  and  MLON),  and  the  magnetic  local  time  at  100  km  (MLT). 


electron  precipitation  within  the  auroral  oval  in  this  pass:  the 
morning  and  evening  diffuse  aurora,  and  a  small  segment  of 
polar  rain  in  the  cap.  For  discussion  purposes  we  define, 
somewhat  arbitrarily,  two  additional  regions  between  the 
morning  diffuse  aurora  and  the  polar  rain;  a  transition  region 
between  the  morning  diffuse  aurora  and  the  first  polar  cap 
arc;  and  a  region  of  polar  cap  arcs,  ending  at  the  polar  rain. 
Figure  5  is  an  expanded  plot  of  the  electron  precipitation  in 
which  the  four  regions  (morning  diffuse  aurora,  transition 
region,  polar  cap  arc  region,  and  polar  rain)  are  clearly 
marked.  The  scales  for  EAVE  in  Figures  5 a  and  5b  are 
different,  but  it  is  clear  that  the  average  energies  in  the 
transition  region,  in  much  of  the  arc  region,  and  in  the  polar 
rain  are  less  than  several  hundred  eV.  A  ‘baseline’  has  been 
drawn  for  JTOT  in  the  transition  region.  The  baseline 
decreases  continuously  across  the  transition  region  until  it 
reaches  a  minimum  value  equal  to  that  of  the  polar  rain  just 
before  the  first  polar  cap  arc. 

The  electrons  outside  the  diffuse  auroral  region  can  be 
categorized  by  a  relatively  small  number  of  types,  defined  in 
relationship  to  the  polar  rain  spectrum.  The  types  are  shown 
schematically  in  Figure  6.  in  which  the  logarithm  of  the 
distribution  functions  is  plotted  versus  energy .  In  this  format 
a  Maxwellian  distribution  appears  as  a  straight  line  with  a 
slope  proportional  to  the  negative  inverse  of  the  temperature 


and  an  intercept  proportional  to  the  number  density.  The 
polar  rain  is  a  Maxwellian  with  low  density  and  temperature. 
The  Type  I  spectrum,  also  labeled  ‘baseline’  spectrum,  has 
the  same  temperature  (same  slope)  as  polar  rain,  but  a  higher 
density  (larger  intercept).  The  density  of ‘baseline’  electrons 
varies  by  2  orders  of  magnitude  with  polar  rain  as  the  low- 
density  limit.  The  Type  II  spectrum  is  a  weakly  accelerated 
Maxwellian  spectrum.  The  acceleration  peak,  here  at  —100 
eV,  indicates  the  potential  difference  through  which  the 
primary  spectrum  has  been  accelerated.  Electrons  below 
this  peak  are  backscattered  and  secondary  electrons.  The 
electrons  with  energies  above  the  acceleration  peak  are 
shifted  uniformly  by  the  potential  drop.  In  Figure  6  the  Type 
II  spectrum  results  from  the  acceleration  of  a  primary 
Maxwellian  population  with  the  same  temperature  and  a 
lower  density  than  the  Type  I  baseline  distribution  shown. 
The  Type  III  population  has  two  components;  a  high-density 
cold  population  and  a  higher-temperature  baseline  popula¬ 
tion.  The  Type  IV  spectrum  is  characteristic  of  polar  cap 
arcs  and  shows  a  high  degree  of  acceleration  with  a  peak  at 
-700  eV. 

The  diffuse  auroral  region.  In  Figure  5a  it  is  seen  that  the 
integral  flux  rises  smoothly  from  background  starting  at 
—0749:20  UT.  reaching  a  relatively  stable  level  of  lO*  el/cm’ 
s  sr  by  0750  UT.  The  energy  flux  and  average  energy  show  a 
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Fig.  3.  (continued) 

similar  rise  but  exhibit  greater  variability  fluctuating  be-  0756:30  and  0757:00  UT  and  marked  Type  I  in  Figure  5b.  and 

tween  10  and  5  x  I08  keV/crrT  s  sr  and  I  and  7  keV,  Figure  8d,  a  time  average  of  the  polar  rain  distribution.  None 

respectively.  These  characteristics  of  the  electrons  are  con-  of  the  distribution  functions  shows  a  clear  acceleration  peak, 

sistent  with  passage  of  the  satellite  over  the  morning  side  All  are  Maxwellian  and  have  temperatures  of  -100  eV.  The 

diffuse  auroral  region.  number  density,  calculated  by  assuming  an  isotropic  flux 

Electron  characteristics  change  abruptly  at  -0750:50  UT.  outside  the  upcoming  loss  cone  of  width  -60°  at  840  km, 

when  average  energies  abruptly  decrease  from  several  keV  varies  over  2  orders  of  magnitude.  The  distributions  of 

to  a  few  hundred  eV  (marked  ‘Transition’  in  Figure  5a).  The  Figures  8a  and  8 b  shown  here  have  the  same  temperature  as 

details  of  the  exit  from  the  diffuse  aurora  and  entry  into  the  the  average  polar  rain.  An  examination  of  all  baseline 

transition  region  are  given  in  Figure  7,  where  we  have  distributions  shows  a  range  in  temperature  from  50  to  200 

plotted  the  20  electron  differential  flux  spectra  spanning  the  eV. 

region  crossing  as  well  as  two  differential  flux  spectra  taken  The  JTOT  excursions  from  the  baseline  in  the  transition 
before  and  after  the  crossing.  One  notes  that  the  electron  region  are  made  up  almost  entirely  (-85%)  of  electrons  with 

spectrum  softens  appreciably.  The  flux  of  electrons  above  1  Type  11  spectra.  Two  examples  of  these  excursions  (solid 

keV  decreases  by  at  least  an  order  of  magnitude  while  the  lines)  are  given  in  Figure  9,  with  their  nearest  baseline 

flux  below  500  eV  increases.  The  transition  between  the  two  distribution  functions  (dashed  lines).  While  the  baseline 
spectral  shapes  is  smooth  and  the  shape  is  stable  on  both  distributions  are  slightly  non-Maxwellian,  it  is  clear  that  the 

sides  of  the  crossing.  The  entire  change  in  electron  charac-  accelerated  spectra  have,  in  addition  to  well-defined  accel- 

teristics  takes  place  in  the  5  s  from  0750:47  to  0750:52.  eration  peaks,  a  uniform  shift  in  energy  of  the  baseline 

The  transition  region.  Electrons  in  the  transition  region  spectrum.  Since  there  is  no  change  in  spectral  shape,  we 
show  many  rapid  fluctuations  in  JTOT.  Their  spectra  are  infer  that  no  heating  accompanies  the  acceleration.  In  the 

mainly  Type  I  and  Type  II,  that  is,  Maxwellians  with  varying  first  example,  from  0752:53  and  0752:56  UT,  the  accelerating 

density  or  weakly  accelerated  Maxwellians.  The  baseline  potential  difference  (distribution  shift)  is  100  eV;  in  the 

spectra  are  Type  I.  Figure  8  shows  two  baseline  distribution  second,  from  0752:37  and  0752:38  UT,  the  accelerating 

functions  in  the  transition  region:  Figure  8a,  taken  near  the  potential  is  70  eV. 

diffuse  auroral  crossing,  and  Figure  8 h.  taken  6°  poleward  of  In  approximately  80%  of  the  cases  the  peaked  distribu- 
the  crossing  (and  similarly  marked  in  Figure  5a).  These  tions  are  observed  last  from  I  to  4  s,  or  for  distances  of -7  to 
distributions  are  compared  with  Figure  8r.  a  time  average  of  30  km.  The  extent  of  these  acceleration  regions  could  be 

the  baseline  distributions  in  the  polar  cap  arc  region  between  larger.  Since  the  lowest-energy  channel  of  the  DMSP  detec- 
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Fig.  4.  The  electron  data  from  four  passes  of  the  DMSP  FI  satellite  over  the  auroral  2onc  and  polar  cap  plotted  in  the 

same  format  as  Figure  V 
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Fig.  6.  The  logarithm  of  the  electron  distribution  functions  as  a 
function  of  energy  for  the  various  classes  of  electron  distribution 
found  in  the  polar  cap. 


tor  is  50  eV,  electrons  that  have  been  accelerated  by 
potential  drops  of  50  V  or  less  are  difficult  to  pick  out. 
Although  I  to  4  s  is  a  typical  span  for  observing  these 
spectra,  they  are  seen  for  periods  of  up  to  15  to  20  s  (0753:57 
to  0753:13  and  0754:51  to  0755:08).  In  both  short  and  longer 
events  we  have  been  unable  to  detect  any  systematic  modu¬ 
lation  in  the  peak  energy  as  observed  in  an  'inverted  V' 
event. 

Polar  cap  arc  region.  Figure  5b  shows  three  intervals, 
each  15  to  20  s  in  duration,  in  which  the  electron  average 
energy  is  greater  than  700  eV  and  which  are  labelled  polar 
cap  arcs  PC1-PC3.  The  first  two  enhancements  are  associat¬ 
ed  with  the  visible  arcs  in  Figure  2a.  Between  PCI  and  the 
polar  rain,  electron  spectral  Types  I— III .  shown  in  Figure  6, 
can  be  identified.  The  extent  over  which  each  spectral  type 
is  observed  is  marked  in  Figure  5b.  In  this  region.  Type  1 
electrons  have  temperatures  -100  eV  and  densities  —0.1 
cm-3  which  are  a  factor  of  3  greater  than  the  polar  rain 
density.  T!*v  an  f.rnd  on  either  side  of  all  three  arcs.  JTOT 
for  these  electrons  is  ~107  (cm2  s  sr)"1.  In  addition.  Type  1 
spectra  with  much  higher  densities  (>2  cm'3)  occur  during 
three  brief  periods:  before  and  after  passage  over  the  second 
arc  and  after  passage  over  the  third  arc  (0756:07,  0756:43- 
0756:48  UT  and  0758:33-0758:36  UT).  We  label  these  Type 
I*  in  Figure  5b  to  differentiate  them  from  the  lowp-density 
Type  1  population.  JTOT  for  Type  I*  electrons  exceeds  10® 
(cm2  s  sr)"1.  These  electrons  are  spectrally  indistinguishable 
from  the  high-density  baseline  electrons  found  in  the  transi¬ 
tion  region  just  after  exit  from  the  diffuse  aurora.  A  compari- 


ENERGY  (K»V) 

Fig.  7.  A  time  sequence  plot  of  the  20  differential  flux  spectra  spanning  the  transition  in  electron  characteristics  at 
approximately  0750:50  UT.  Two  individual  spectra  have  been  drawn  in  the  left  comer  to  show  more  clearly  the  change 
in  shape.  The  numbers  I  and  2  show  where  the  spectra  were  taken  from  the  set  of  20  spectra. 
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son  of  Type  I*  electrons  in  the  transition  region  and  near  the 
polar  cap  arcs  is  given  in  Figure  10.  In  this  figure,  two  sets  of 
10  spectra  are  plotted.  One  set  starts  at  0751 :0l  UT  just  after 
the  satellite  crossed  into  the  transition  region  (71°  magnetic 
latitude).  The  second  set  starts  at  0756:41  UT  after  the 
satellite  had  passed  over  the  second  polar  cap  arc  (88° 
magnetic  latitude).  In  the  lower  left-hand  comer  a  single 
spectrum  from  each  10-s  period  is  plotted.  It  is  clear  that  the 
precipitating  electrons  in  the  two  regions  are  almost  identi¬ 
cal.  Indeed,  if  they  differ  in  any  particular,  it  is  that  the 
plasma  at  the  higher  latitude  has  a  slightly  higher  intensity. 

Type  II  spectra,  weakly  accelerated  Maxwellian,  similar 
to  those  in  the  transition  region  are  also  found  in  the  polar 
cap  arc  region  between  PC2  and  PC3  (0756:49-0757:05  UT). 
For  these  electrons,  JTOT  is  —6  x  107  (cnr  s  sr)  and  EAVE 
is  in  the  200  to  300-eV  range.  The  distribution  functions 
during  this  period  (not  shown)  are  similar  to  those  shown  in 
Figure  9,  produced  by  field-aligned  accelerations.  We  esti¬ 
mate  that  the  unaccelerated  electrons  had  temperatures  of 
—  150  eV  and  densities  of  0.2  cm-3.  These  parameters  are 
close  to  the  levels  of  the  unaccelerated  polar  rain  in  which 
the  arcs  are  embedded. 

Double-Maxwellian  Type  III  electrons  were  found  in  the 
central  polar  cap,  from  0756:30  to  0756:41  UT,  shortly  after 
passage  over  PC2.  Figure  5 b  shows  that  in  this  period  JTOT 
was  -109  (cm!  s  sr)-1  and  JETOT  was  —0.5  erg/(cm:  s  sr), 
with  EAVE  varying  between  one  and  several  hundred  eV. 
The  spectral  charactertisics  of  electrons  observed  in  this 
interval,  as  well  as  similar  electrons  found  intermittently  in 
the  transition  region,  are  shown  in  Figure  1 1 .  The  two  sets  of 
spectra  in  this  figure  start  at  0752:01  UT  (magnetic  latitude  = 
74.5°)  and  0756:30  UT  (magnetic  latitude  =  88.3°),  respec¬ 
tively.  In  both  regions  the  two-component  population  alter¬ 
nates  with  spectra  in  which  only  the  hotter.  Type  I  popula¬ 
tion  is  present. 


energy  <«v) 

Fig.  9.  Two  examples  of  accelerated  (solid  line)  and  unaccelerated  (dashed  line)  electron  distributions  observed 

poleward  of  the  transition  from  the  diffuse  aurorae. 
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Fig.  8.  The  electron  distribution  function  plotted  as  a  function  of 
energy  for  four  points  in  the  DMSP  pass  centered  at  0757  UT.  The 
four  curves  represent  (a)  a  single  spectrum  measured  at  0751:02,  ( h ) 
a  single  spectrum  measured  at  0752:18  (c)  a  time  average  of  the 
spectrum  from  9756:20  to  0757:00,  and  (d)  a  time  average  of  the 
spectrum  after  0758:40.  The  number  density  and  temperature  are 
calculated  from  the  linear  regression  on  the  points  assuming  a  60° 
wide  loss  cone. 


Fig.  10.  Two  sets  of  10  differential  flux  spectra  each,  showing  the  similarity  of  the  cold  electron  spectra  in  the  region 
just  poleward  of  the  transition  and  in  the  central  polar  cap  near  the  polar  cap  arc.  Each  set  of  ten  spectra  is  annotated 
with  the  time  and  geomagnetic  latitude  at  the  beginning  of  the  interval.  A  single  plot  in  the  low  left  comer  shows  a 
comparison  of  single  spectra  from  the  two  intervals.  The  numbers  I  and  2  denote  the  origin  of  the  two  spectra  from  the 
two  sets  of  10  spectra. 


Fig.  II  A  comparison  of  spectra  in  the  region  poleward  of  the  transition  on  the  morning  side  and  in  the  central  polar 

cap.  The  format  is  the  same  as  in  Figure  9. 
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Fig.  12.  The  logarithm  of  the  distribution  function  versus  energy  for  the  two-component  and  one-component  electrons 
seen  in  the  central  polar  cap.  The  number  density  and  temperature  are  calculated  as  for  Figure  7. 


The  distribution  functions  of  electrons  measured  at 
0756:34  and  0756:36  UT  (spectrum  2  in  Figure  1 1)  are  plotted 
in  Figure  12.  The  temperatures  of  the  ‘hot’  components  are 
approximately  the  same.  The  density  calculated  for  the 
single-component  plasma,  assuming  isotropy  outside  the 
upcoming  loss  cone,  is  0.2  cm"3.  From  their  slopes  the  hot 
and  cold  components  of  the  two-population  distribution  have 
temperatures  of  176  eV  and  21  eV  respectively.  Assuming 


Fig.  13.  Ten  differential  flux  spectra  as  the  satellite  passes  into  the 
region  of  the  polar  cap  arcs. 


isotropy  outside  of  the  upcoming  loss  cone,  densities  of  0.6 
cm"3  and  80  cm'3  are  obtained  for  the  hot  and  cold  compo¬ 
nents,  respectively.  As  we  show  below,  the  isotropy  as¬ 
sumption  at  least  for  the  cold  component  is  probably  not 
justified. 

Finally,  we  consider  the  characteristics  of  TYPE  IV 
electrons,  detected  above  the  three  arcs.  The  arcs  were 
encountered  from  0755:47  to  0755:57  UT,  from  0756:06  to 
0756:20  UT,  and  from  0758:13  to  0758:21  UT  corresponding 
to  spatial  extents  between  0.5°  and  1°.  From  Figure  5b  we 
note  that  in  these  three  intervals  JTOT  was  in  the  range  3  to  9 
x  10s  (cm’ s  sr)'1;  JETOT  in  the  range  0.1  to  1.5  ergs/(cnr  s 
sr),  and  EAVE  in  the  500-  to  1500-eV  range.  In  considering 
spectral  details  we  restrict  ourselves  to  measurements  taken 
above  the  second  arc  as  representative  of  all  three. 

Figure  12  is  a  plot  of  the  consecutive  spectra  beginning  at 
0756:01  UT  (magnetic  latitude  =  89.4°)  4  s  prior  to  entering 
the  arc.  The  first  four  spectra  are  Type  I  enhanced  polar 
rain.  The  next  two  spectra  have  peaks  below  1  keV  (Type 
II).  These  are  followed  by  a  single  unpeaked  spectrum  that  is 
much  more  intense  than  those  observed  in  the  first  4  s  (Type 
I*).  The  final  three  spectra  are  peaked  at  ~-l  keV.  For  the 
sake  of  direct  comparison  the  spectra  of  the  enhanced  polar 
rain  and  the  arc  electrons  are  plotted  in  the  bottom  portion  of 
Figure  12. 

A  further  analysis  of  electron  measurements  from  the 
0756:01  to  0756:10  UT  interval  suggests  that  the  simple 
Maxwellian  representation  of  electron  spectra  near  the  arcs 
is  insufficient  and  that  both  enhanced  particle  entry  and 
field-aligned  acceleration  play  significant  roles  in  visible, 
polar  cap  arc  formation.  Figure  13  provides  electron  distri¬ 
bution  functions  measured  at  0756:03,  0756:07.  and  0756:10 
UT.  These  correspond  to:  (1)  the  enhanced  polar  rain 
spectrum.  (2)  the  single,  intense  unpeaked  spectrum  at  the 
edge  of  the  arc,  and  (3)  the  peaked  spectrum  2  within  the  arc 
of  Figure  12.  The  distribution  functions  measured  at  0756:03 
and  0756:07  UT  have  at  least  two  components:  a  cooler 
population  with  temperature  of  1 10  eV  and  densities  of  0.31 
and  1.5  cm'3,  respectively;  a  warmer  population  with  a 
temperature  of  -350  eV  and  densities  of  0.05  and  0.13  cm'3. 
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Fig.  14.  The  logarithm  of  the  distribution  function  versus  energy  for  the  unaccelerated  (solid  lines)  and  accelerated 
(dashed  line)  electron  distribution  seen  in  the  region  of  the  first  polar  cap  arc  in  the  interval  from  0756:01  to  0756: 10.  The 
number  density  and  temperature  are  calculated  as  in  Figure  7.  Crosses  mark  the  values  of  the  distribution  function  for 
the  denser  of  the  unaccelerated  electrons  if  they  fell  through  a  potential  of —800  V. 


respectively.  The  cooler  population  has  the  characteristics 
of  Type  1  panicles:  enhanced  polar  rain  or  baseline  elec¬ 
trons.  As  one  nears  the  arc  the  differences  in  the  spectra 
(comparing  1  to  2)  are  principally  in  density.  No  acceleration 
peak  is  seen. 

A  comparison  of  the  distributions  2,  measured  at  0756:07, 
and  3  in  the  arc,  at  0756:10  UT,  for  energies  >lkeV  shows 
the  slopes  to  be  identical.  The  separation  in  energy  between 
the  high-energy  portion  of  the  distributions  suggests  that  the 
peaked  distribution  has  fallen  through  a  potential  drop  of 
—750  V.  The  crosses  in  Figure  13  give  the  distribution  that 
would  be  measured  by  the  DMSP  electron  detector  had  the 
distribution  measured  at  0756:07  UT  been  shifted  in  energy 
by  800  eV.  The  low-energy  component  would  pass  largely 
undetected  due  to  the  small  values  of  A£/'£  for  the  detector 
(0. 10  and  0. 12).  For  a  potential  drop  of  800  V  the  accelerated 
cold  component  would  be  energized  beyond  the  660-eV 
channel.  Only  the  portion  of  the  cold  distribution  originally 
in  the  220-  to  350-eV  range  would  be  seen  in  the  1045-eV 
channel.  The  agreement  between  the  crosses  and  the  mea¬ 
sured  distribution  at  0756: 10  UT  is  reasonably  good,  indicat¬ 
ing  that  polar  cap  arcs  are  produced  by  the  acceleration  of 
low-energy,  relatively  dense  electrons.  In  this  interpretation 
the  electrons  with  energies  below  the  peak  are  secondaries 
trapped  between  the  field-aligned  potential  barrier  and  their 
magnetic  mirror  points  [Evans,  1974).  The  very  low  energy 
component  has  been  shown  by  Burch  cl  al.  11979)  to  be 
highly  field  aligned  and  is  made  up  of  ionospheric  electrons 
that  have  been  both  thermalized  and  accelerated  through  a 
potential  drop. 

Summary  and  Discussion 

The  immediate  goal  of  the  present  study  is  to  describe 
clearly  the  various  electron  populations  found  at  high  mag¬ 
netic  latitudes  dunng  a  period  of  polar  cap  arc  activity.  A 
more  long-range  goal  of  this  and  the  companion  observation¬ 
al  studies  is  to  provide  a  base  of  information  for  a  compre¬ 
hensive  understanding  of  how  the  open  field  line  portion  of 


the  earth’s  magnetosphere  interacts  with  the  solar  wind  and 
the  IMF  to  change  the  characteristics  of  polar  cap  electron 
precipitation  so  as  to  produce  polar  cap  arcs.  At  this  writing 
there  is  no  coherent  theory  to  explain  increased  electron 
precipitation  and  sun-aligned  arcs  in  the  polar  cap.  In  this 
section  we  first  summarize  the  salient  features  of  the  rather 
complex  data  set  reported  here.  In  commenting  on  the 
DMSP  observations  we  point  out:  (1)  how  they  relate  to 
other  reported  measurements,  (2)  what  further  observations 
are  needed,  and  (3)  what  constraints  the  observations  placed 
on  a  comprehensive  model  of  the  polar  magnetosphere. 

The  DMSP  measurements  show  the  following: 

1.  During  the  initial  period  of  substorin  activity  and 
southward  IMF  only  uniform  polar  rain  precipitation  was 
found  in  the  polar  cap.  Within  an  hour  of  the  first  northward 
turning  of  the  IMF  electron  precipitation  in  the  polar  caps  of 
both  hemispheres  increased  dramatically,  and  visible  arcs 
appeared  in  the  northern,  winter  cap.  The  average  energy  of 
the  accelerated  electrons  was  observed  as  high  as  —  I  keV  in 
the  northern  polar  cap  but  only  as  high  as  a  few  hundred  eV 
in  the  southern  polar  cap.  Following  a  brief  period  of 
southward  excursion  of  the  IMF.  visible  arcs  and  enhanced 
precipitation  vanishco  :ro:..  :,.c  p , . .. r  cups.  They  returned 
soon  after  the  IMF  regained  its  northward  orientation.  The 
process  of  arc  formation  in  the  cap  for  B:  northward  and 
disappearance  for  Bz  southward  occurred  three  times  on 
December  12. 

2.  After  the  northward  turnings  of  the  IMF.  large-scale 
electron  precipitation  was  characterized  by:  (I)  persistent 
fluxes  of  unaccelerated  keV  electrons  only  in  the  diffuse 
auroral  region;  (2)  rapidly  varying  fluxes  of  low-energy 
electrons  in  a  region  poleward  of  the  morning  and  evening 
side  diffuse  aurorae  called  the  transition  region:  the  flucta- 
tions  in  number  and  energy  flux  resulted  from  field-aligned 
accelerations,  with  no  heating,  of  cold  'baseline'  electrons 
through  potential  drops  of  between  50  and  200  V  (Type  11 
spectra);  (3)  ‘baseline’  electron  fluxes  that  decrease  smooth¬ 
ly  from  ~I0K  (enr  s  sr)*1  at  the  poleward  boundary  of  the 
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morning  side  diffuse  aurorae,  to  polar  rain  fluxes  of  <I07 
(cra;  s  sr)‘ 1  in  the  evening  flank  of  the  polar  cap  (Type  1 
spectra);  no  systematic  change  in  temperature  is  observed. 

3.  Within  the  polar  cap  arc  region  the  precipitation 
producing  the  visual  arcs  is  embedded  in  a  'baseline'  flux  of 
I07  (cnr  s  sr)' 1  identified  as  high-density  polar  rain  (Type  1). 
In  the  region  in  and  near  the  polar  cap  arcs,  precipitation 
consists  of:  (I)  unaccelerated  'baseline'  electrons  (Type  I)* 
with  densities  similar  to  those  seen  just  poleward  of  the 
diffuse  aurorae;  (2)  extremely  dense,  cold  electrons  with 
temperatures  of  20  to  30  eV  superimposed  on  the  100-eV 
baseline  distribution  (Type  Ill);  (3)  baseline  electrons  that 
have  been  accelerated  through  potential  drops  of  -100  V 
(Type  II);  (4)  visible  arc  electrons  which  result  from  the 
acceleration  of  a  two-component  electron  population  with 
temperatures  of  100  and  350  eV.  through  potential  drops  of 
750  V  (Type  IV). 

The  general  features  of  DMSP  observations  summarized 
above,  under  point  I.  are  in  agreement  with  many  previously 
reported  detections  of  visible  sun-aligned  arcs  in  the  central 
polar  cap  during  periods  of  magnetic  quieting  when  the  IMF 
has  a  northward  component  [Berkey  et  al.,  1976;  Ismail  et 
al.,  1977;  Lassen  and  Danielsen,  1978;  Gussenhoven,  this 
issue.]  In  addition,  we  show  here  that  when  conditions  are 
favorable  for  the  production  of  polar  cap  arcs,  the  process 
can  be  interrupted  by  B-  turning  southward.  Arcs  then 
reappear  in  the  cap  for  Bz  turning  again  northward.  The  time 
delay  for  the  IMF  to  affect  the  cap  is  somew  hat  greater  than 
1  hour.  We  have  not  determined  here  the  full  temporal  extent 
of  the  favorable  conditions  for  polar  cap  arcs,  but  on 
December  12  it  was  in  excess  of  16  hours.  During  this  time 
the  solar  wind  velocity  varied  between  470  and  515  km/s.  the 
magnetic  sector  was  ‘away,’  and  B,  had  both  negative  and 
positive  values.  No  clear  dependence  of  arc  position  on  B, 
could  be  seen  in  the  DMSP  images  corresponding  to  the 
statistical  dependence  found  by  Lassen  [1979]  and  Gussen¬ 
hoven  [this  issue].  The  arcs  were,  however,  more  sun 
aligned  during  the  first  sequence  when  B,  <*:  B-. 

The  fact  that  polar  cap  arcs  most  frequently  appear  during 
periods  of  magnetic  quieting  is  consistent  with  either  an 
intramagnetospheric  or  an  extramagnetospheric  source  for 
the  particles  and  energy  involved.  A  model  of  an  intramagne¬ 
tospheric  source  would  require  that  at  the  time  of  northward 
turning  of  the  IMF.  potential  energy  stored  in  the  magneto¬ 
tail  and  particles  in  the  plasma  sheet  would  be  transmitted  in 
some  as  yet  unspecified  way  to  the  polar  cap  rather  than  to 
the  auroral  ionosphere.  In  time  the  stored  energy  would  be 
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features  would  vanish  from  the  polar  cap.  An  extramagne¬ 
tospheric  source  model  requires  that  arcs  result  from  a 
nearly  direct  interaction  between  the  magnetosheath  plasma 
and  the  polar  ionosphere.  The  W'ords  nearly  direct'  allow  for 
some  field-aligned  acceleration  between  the  magnetopause 
and  ionosphere.  With  northward  IMF  such  a  model  must 
allow,  in  a  way  not  yet  specified,  for  the  admission  of  a 
variable  amount  of  magnetosheath  panicles  onto  field  lines 
connected  to  the  polar  ionosphere.  If  the  amount  of  plasma 
admitted  to  the  polar  cap  is  related  only  to  the  level  of  the 
solar  wind  flux,  and  if  there  is  no  threshold  for  the  panicle 
admission  mechanism,  then  structured  precipitation  should 
be  found  in  the  polar  cap  whenever  fl.  is  nonhward.  For 
extended  quiet  penods,  however,  the  intensity  of  precipita¬ 
tion  would  be  only  sufficient  (o  produce  subvisual  arcs  A 


recent  study  by  Meng  119816]  shows  cases  of  extreme  quiet 
in  which  structured  low-energy  electron  precipitation  occurs 
throughout  the  cap.  He  attributes  the  precipitation  to  a  much 
expanded  plasma  sheet  causing  the  auroral  oval  to  reach 
very  high  latitudes.  We.  however,  find  these  precipitations 
to  be  more  indicative  of  a  ‘nearly  direct'  magnetosheath 
plasma  entry  mechanism. 

Turning  now  to  the  second  point  of  the  summary  of  DMSP 
observations,  namely,  the  large-scale  characteristics  of  elec¬ 
tron  precipitation  for  B:  north,  we  focus  on  the  problem  of 
magnetic  topologies.  The  diffuse  auroral  region  needs  little 
comment.  It  is  well  accepted  that  the  diffuse  auroral  region 
maps  to  the  central  plasma  sheet,  a  region  of  closed  magnetic 
field  lines,  and  that  electron  temperatures  are  elevated 
during  the  recovery  phase  of  substorms  [ Hones  et  al..  1973]. 
Thus  our  observations  of  electrons  with  average  energies  of 
several  keV  in  the  diffuse  aurora  during  northward  B: 
periods  is  not  surprising. 

Somewhat  more  surprising  is  the  presence  of  relatively 
high  fluxes  of  much  lower  energy  electrons  in  the  region 
poleward  of  the  diffuse  aurora  but  prior  to  the  polar  cap  arcs 
which  we  have  called  the  transition  region.  This  region  is 
characterized  spectrally  by  fluctuations  in  JTOT  and  JETOT 
of  an  -100-eV  population  and  occurs  on  both  the  morning 
and  evening  sides.  This  morphology  is  similar  in  structure  to 
the  mapping  into  the  polar  ionosphere  of  the  interior  cusp, 
the  low-latitude  boundary  layer  and  the  plasma  boundary 
layer  proposed  by  Vasyliunas  [1979],  In  this  picture  the 
transition  region  maps  along  closed  magnetic  field  lines  that 
pass  close  to  the  magnetopause  | Crooker .  1977]  and  the 
electrons  originate  in  the  magnetosheath.  How  they  gain 
entry  to  the  magnetosphere  in  such  relatively  high  numbers, 
as  shown  in  Figure  8,  or  how  they  undergo  the  modest  field- 
aligned  accelerations  shown  in  Figure  9  is  not  known. 

The  third  point  of  the  summary  concerns  observations  in 
the  polar  cap  arc  region.  Three  distinct  spectral  types  were 
found  in  addition  to  those  of  the  polar  cap  arcs  themselves: 
the  three  types  ( 1— III )  are  defined  in  relation  to  the  average 
spectrum  found  in  the  polar  rain  region.  The  characteristics 
of  polar  rain  have  been  discussed  adequately  by  Win- 
ningham  and  Heikkilo  1 1974].  It  is  curious,  however,  that  the 
density  of  polar  rain  (lowest-density  Type  I  electrons)  found 
in  the  polar  cap  arc  region  in  the  vicinity  of  the  arcs  w  as  a 
factor  of  3  higher  than  near  the  evening  flank  of  the  polar 
cap.  Whether  this  is  a  common  feature  of  polar  cap  arc 
environments  requires  further  study.  The  very  high  density 
baseline  (Tyne  I.  I*)  and  accelerated  baseline  (Type  II) 
eicctrviw  „  r.,i„  ;o  ; . .  c  electrons 

in  the  transition  region.  Most  likely  this  similarity  reflects  a 
common  particle  source,  i.e.,  the  magnetosheath.  It  does 
not.  however,  require  that  the  entrance  mechanisms  are  the 
same  for  the  electrons  in  the  two  regions  Indeed,  if  the  field 
lines  of  the  transition  region  are  closed  and  those  of  the  polar 
cap  arc  region  are  open  then  particle  dynamics  may  be  quite 
different. 

The  third  spectral  type  (Type  III)  consists  of  an  extremely 
cold  electron  distribution  superimposed  on  a  'baseline'  dis¬ 
tribution.  They  occur  over  a  relatively  bioad  region  and  are 
not  embedded  in  an  accelerated  primary  population.  There¬ 
fore  we  do  not  identify  them  as  the  highly  field  aligned  cold 
electrons  reported  by  Bunh  et  al.  JI979]  m  the  polar  cap 
electron  acceleration  regions.  Assuming  that  the  Type  III 
electrons  were  unaccelerated  and  isotropic  outside  the  up- 
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Results  of  a  statistical  study  of  the  occurrence  and  characteristics  of  the  polar  rain  (Winningham  and 
Heikkila.  1974)  are  reported.  Precipitating  electron  data  in  the  energy  range  from  50  eV  to  JO  ktV  from 
the  SSJ  5  sensor  on  I  he  polar-orbiting  DMSP'FJ  satellite  were  used  for  the  study.  Intervals  of  clear  polar 
rain  were  identified  in  all  orbits  in  the  I -year  interval  September  1977  to  August  1978  The  spectra  from 
the  intervals  were  binned  in  a  two-dimensional  spatial  array  in  geomagnetic  latitude  and  magnetic  local 
time.  Separate  arrays  were  maintained  for  different  levels  of  magnetic  activity,  values  of  the  components 
of  the  interplanetary  magnetic  field  (IMF|,  and  season.  The  average  spectra  were  determined  in  each  bin 
and  were  used  to  calculate  the  integral  flux  and  average  energy.  Two-dimensional  maps  of  average 
energy  and  integral  flux  show  significant  large-scale  spatial  variations  that  are  roughly  symmetric  about 
an  axis  running  prenoon  to  premidnight.  Integral  flux  (average  energy)  decreases  (increases)  from  the 
day  side  to  the  nightside  along  this  axis  by  a  factor  of  almost  IS  (3).  This  basic  variation  was  maintained 
in  all  separations  by  magnetic  activity,  season,  intensity  of  the  polar  ram.  and  sector  structure,  although 
small  rotations  in  magnetic  local  time  of  the  symmetry  axis  could  be  seen  in  some  cases.  The  second  most 
prominent  variation  is  one  that  has  been  noted  previously  (Yeager  and  Frank.  1976:  Meng  and  Kroehl, 
1977);  polar  rain  occurs  preferentially  in  the  northern  (southern)  cap  for  away  (toward)  IMF  sectors.  In 
the  preferred  cap  the  precipitation  is  stronger  in  the  morning.  Approximately  70°i.  of  the  spectra 
occurred  for  B.  negative.  The  overall  intensity  of  the  polar  rain  increases  and  cools  with  increasing 
magnetic  activity.  The  occurrence  of  polar  rain  falls  within  a  circular  region  whose  center  is  offset  toward 
premidnight  and  whose  radius  increases  with  magnetic  activity. 


1.  Introduction 

Polar  rain,  the  weak  (~0.0I  cm  3),  structureless,  near- 
isotropic  flux  of  electrons  precipitating  in  the  polar  caps  and 
having  temperatures  in  the  100-eV  range,  was  discovered  and 
named  by  H'inningham  attJ  Heikkila  [1974].  Field  lines  on 
which  polar  rain  is  found  map  back  into  the  tail  lobes  of  the 
magnetosphere  They  either  close  at  such  great  distance  down 
tail  that  their  particle  populations  and  processes  remain  dis¬ 
tinct  from  neighboring  field  lines  of  the  auroral  oval,  or  they 
are  open,  merging  with  solar  wind  field  lines,  and  contiguous 
to  closed  field  lines  of  the  oval. 

Whether  extremely  high  latitude  field  lines  are  open  or 
closed  and  what  is  the  relationship  of  the  high-latitude  plasma 
populations  to  the  boundary  plasma  sheet  are  questions  of 
great  importance,  particularly  during  times  for  which  the  in¬ 
terplanetary  magnetic  field  (IMF)  B.  component  (in  geocentric 
solar  magnetosphcric  coordinates)  is  northward.  At  such  limes 
the  polar  rain  is  interrupted  throughout  the  cap  by  bursts  of 
high-intensity  (up  to  solar  wind  densities)  electron  fluxes  of 
approximately  the  same  temperature  as  the  polar  rain  [ Hardy 
el  at..  1983;  Hardy.  1984]  It  inningham  and  Heikkila  [1974] 
called  these  structures  "polar  showers.”  It  is  also  a(  these  times 
that  more  or  less  spectacular  polar  cap  arcs  occur  [Bcrkey  el 
a  I.,  1976.  Gusscnhin  en,  1983.  Frank  el  a!.,  1983].  Activity  in 
the  polar  caps.  then,  has  variations  which  apparently  are  in 
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opposite  phase  to  those  of  the  oval  and  which  can  be  thought 
of  as  proceeding  from  and  returning  to  a  quiet  state 
characterized  by  the  widespread  occurrence  of  polar  rain. 

Two  conceptual  frameworks  for  explaining  electron  precipi¬ 
tation  in  the  caps  are  in  the  literature.  The  first  was  developed 
shortly  after  the  discovery  of  polar  rain.  It  takes  polar  rain  as 
evidence  that  the  cap  field  lines  are  open  and  directly  accessed 
by  the  solar  wind.  In  this  view,  polar  rain  is  the  backscattered 
component  of  the  solar  wind  with  unimpeded  entry  along  the 
connected  field  lines  [ Fennell  el  al.,  1975;  Meng  and  Kroehl. 
1977;  Mizera  and  Fennell,  1978].  The  main  evidence  here  is 
that  the  precipitation  is  hemisphere-selective  according  to 
IMF  sector.  Greater  polar  rain  flux  is  found  in  the  north 
(south)  pole  when  the  IMF  is  in  an  away  (toward)  sector.  The 
difference  in  fluxes  precludes  the  notion  of  any  effective  closing 
of  field  lines  from  the  two  hemispheres  In  addition,  the  field 
lines  from  the  cap  with  the  greater  electron  flux  have  a  sharper 
discontinuity  w  ith  the  8,  component  of  the  IMF.  Much  of  this 
method  of  describing  (he  polar  rain  entry  mechanism  is  made 
by  analogy  to  relativistic  solar  particle  entry.  (See  Paultkas 
[1974]  for  a  review.) 

The  second  approach  to  the  cap  dynamics  attempts  to  ex¬ 
plain  phenomena  when  (he  IMF  B,  component  is  northward: 
the  aclive  cap.  The  suggestion  has  been  made  by  several 
[Meng.  1981;  It'innim/huni  and  Gurgtolo,  1982;  Akasofu  e!  ai, 
1984;  Akasofu  and  Rncdcrer,  1984]  that  for  B,  northward  a 
substantial  modification  is  made  in  the  magnetosphcric  mag¬ 
netic  field  configuration  field  lines  open  (or  greatly  extended 
down  tail)  when  the  IMF  is  southward  close  when  the  IMF 
reverses  Polar  caps  defined  by  regions  of  open  field  lines. 
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then,  shrink  to  nothing  as  the  closure  becomes  complete  In 
this  view,  "polar  cap  arcs"  occur  on  closed  field  lines,  and  their 
source  is  the  boundary  plasma  sheet  expanded  poleward.  The 
ion  composition  and  particle  spectra  of  polar  cap  arcs  and 
neighboring  auroral  oval  arcs  would  be  expected  to  be  similar 
in  this  picture,  as  they  have  been  found  to  be  on  at  least  one 
occasion  Peterson  and  Shelley.  1 484] 

While  these  views  eive  a  pleasing  asymr'etrv  in  the  m?!- 
netic  field  behavior  between  the  /(.-northward  and  the 
^.-southward  states,  we  question  whether  the  understanding 
of  the  behavior  of  particle  populations  on  high-latitude  field 
lines  is  sufficient  to  distinguish  between  a  major  change  in 
magnetic  field  morphology  and  variations  in  particle  dynam¬ 
ics  caused  by  changes  in  electric  fields  and  currents.  Several 
other  facts  also  need  to  be  considered  in  this  problem:  (I) 
There  are  other  sources  for  polar  rain  and  polar  cap  arcs 
besides  the  solar  wind  and  the  boundary  plasma  sheet, 
namely,  the  cusp  mantle  and  the  polar  ionosphere  Even  if  not 
sources,  these  particle  populations  occupy  the  same  field  lines 
as  polar  rain  and  polar  cap  arcs  and  also  vary  with  IMF 
conditions.  (2)  Systematic  measurements  of  elecrons  at  alti¬ 
tudes  between  5  and  10  Rf  have  been  made  by  Yeager  and 
frank  [1926],  and  of  ions  and  electrons  at  60  R£  by  Hardy  el 
ai  [19796,  <•]  on  field  lines  connecting  to  the  cap.  These 
measurements  show  sector  structure  dependences  similar  to 
those  of  the  polar  rain,  although  no  distinction  was  made 
between  limes  of  B.  north  or  south.  (3)  Polar  rain  and  polar 
cap  arcs  can  occur  alternately  across  the  cap  [ Hardy  et  al.. 
1982],  imply  ing  a  complex  magnetic  field  configuration  if  the 
one  occurs  on  open  and  the  other  on  closed  field  lines.  (4) 
There  is  evidence  for  the  existence  of  parallel  electric  fields  or 
potential  barriers  having  broad  extent  across  the  cap  with 
values  larger  than  the  few  electron  volts  anticipated  for  polar 
wind  expansion  [H'inning/tam  and  Hetkkila.  1974:  Foster  and 
Burrows.  1976.  1977;  W'inniniihum  and  Gurgiolo.  1982], 

All  of  these  measurements  indicate  that  the  phenomena  in 
the  polar  caps,  while  occurring  with  relatively  long  time  scales 
and  comprising  weak  energy  exchanges,  are  still  extremely 
complex  and.  in  fact,  if  properly  modeled,  could  have  a  sub¬ 
stantial  impact  on  our  understanding  of  neighboring,  more 
dynamic  processes  It  is  in  this  spirit  that  we  have  reexamined 
the  statistical  properties  of  the  polar  rain  using  precipitating 
electron  measurements  from  the  DMSP  F2  satellite.  In  partic¬ 
ular,  we  have  identified  the  large-scale  variations  across  the 
two  horizontal  dimensions  of  the  cap  as  a  function  of  auroral 
activity.  IMF  conditions,  and  season.  This  study  also  gives  a 
more  precise  evaluation  of  the  contribution  that  precipitating 
electrons  in  the  polar  rain  make  to  the  energy  and  mass 
budget  of  the  magnetosphere  Section  2  describes  the  satellite 
instrumentation:  section  3  describes  the  method  of  binning 
and  averaging  the  data  In  sections  4-6  we  present  results 
from  separations  by  variables  Kp.  IMF.  and  season.  Finally, 
in  section  7  we  discuss  the  results  and  their  implication  for 
polar  cap  models. 

2.  Instrumentation 

DMSP  F2.  a  three-axis  stabilized  satellite,  was  launched 
into  a  near-sun-synchronous,  circular  orbit  at  an  altitude  of 
840  km  in  June  1977  Its  orbital  period  was  10!  min,  the 
nominal  inclination  was  98  75  .  At  launch  the  orbit  was  cen¬ 
tered  near  the  0700  1900  local  time  meridian,  but  was  subject 
to  a  very  slow  precession  toward  later  local  times  Because  of 
the  offset  between  the  earth's  spin  axis  and  magnetic  axis,  the 
orbit  had  significant  diurnal  and  seasonal  variations  m  the 


magnetic  local  time-magnetic  latitude  frame  of  reference 
Thus  for  corrected  geomagnetic  latitudes  |CGL|  above  75  . 
full  local  time  coverage  is  obtained  in  each  24-hour  period;  for 
latitudes  above  70  CGL,  full  local  time  coverage  is  obtained 
throughout  the  first  year  of  operation  in  all  but  the  midnight 
sector  (~2300  to  0300).  To  obtain  full  local  time  coverage,  the 
north  and  south  pole  data  must  be  combined  South  pole 
coverage  is  principally  on  the  dayside.  while  north  polar 
passes  lie  nearly  entirely  on  the  nightside.  The  region  of  over¬ 
lap  is  a  dawn-dusk  band.  ~7  wide,  on  the  nightside  (83  -90 
al  midnight)  A  plot  of  the  DMSP  F2  orbital  coverage  is  given 
by  Gussenhoven  et  al.  [1983.  Figure  I], 

A  detailed  description  of  the  particle  detector  on  DMSP  F2 
is  given  by  Hard y  el  al.  [1979o].  Briefly,  it  consists  of  two 
curved  plate  electrostatic  analyzers  that  measure  the  fluxes  of 
electrons  in  16  energy  channels  between  50  eV  and  20  keV. 
once  per  second.  The  apertures  of  the  analyzers  always  face  in 
the  local  zenith  direction  such  that  at  auroral  and  polar  cap 
latitudes  they  detect  precipitating  rather  than  backscattered 
and  or  trapped  electrons.  One  analyzer  covers  the  energy 
range  from  50  eV  to  1  keV  with  a  geometric  factor  of  4 
x  !0"4  cm2  sr  and  a  AE  E  of  13%. The  other  analyzer  covers 
the  energy  range  from  1  keV  to  20  keV  with  a  geometric 
factor  of  10  •’  cm’  sr  and  a  A £,£  of  9%.  The  largi  geometric 
factors  ensure  that  the  flux  level  for  electrons  in  the  diffuse 
and  discrete  auroras  is  well  above  the  detector's  sensitivity.  In 
the  polar  ram,  counts  in  each  channel  below  several  hundred 
electron  volts  are  generally  only  of  the  order  of  10  or  less 
above  background  for  an  accumulation  period  of  0.1  s;  and  in 
channels  measuring  energies  greater  than  several  hundred 
electron  volts,  counts  must  be  averaged  over  considerable  time 
intervals  to  obtain  a  signal  which  is  only  a  fraction  of  a  count 
per  second.  Nevertheless,  the  uniformity  of  the  polar  rain  gives 
validity  to  averaging  procedures. 

3.  Selection.  Correction,  and  Binning  of  Data 

The  electron  data  for  each  pass  of  the  DMSP  F2  satellite 
are  routinely  processed  at  the  Air  Force  Geophysics  Labora¬ 
tory  to  produce  survey  plots  giving  the  directional  integral 
flux  in  (cm2  s  sr)"1,  JTOT;  the  directional  energy  flux  in 
keV  cm2  s  sr,  JETOT;  and  the  ratio  of  the  two,  the  average 
energy  in  keV,  EAVE. 

These  quantities  are  plotted  as  functions  of  universal  time  in 
seconds  of  the  day.  the  geographic  and  corrected  geomagnetic 
latitudes  and  longitudes,  and  the  magnetic  local  time  of  the 
satellite  all  projected  to  an  altitude  of  110  km.  Typically,  the 
satellite  passes  through  the  auroral  region  on  the  dawnside 
(dusksidel  in  the  north  (south)  pole,  across  the  polar  cap.  and 
through  the  auroral  region  on  the  duskside  (dawnside).  Fligh- 
latitude  regions  of  low-average  energy  (hundreds  of  electron 
volts  and  low  particle  flux  ( 1 0U  10s  particles  cm2  s  sr  cV)  in 
the  50-  to  200-cV  range  are  easily  recognized  as  regions  of 
polar  rain  in  these  plots.  In  order  to  eliminate  regions  with 
highly  variable  low-energy  flux  characteristic  of  the  fl.-north 
state,  we  imposed  a  severe  uniformity  restriction  on  polar  rain 
intervals  selected  for  the  study:  the  integral  flux  on  time  scales 
of  a  few  seconds  could  not  vary  by  more  than  a  factor  of  5 
The  variation  was  generally  less  than  a  factor  of  2  In  polar 
showers,  variations  over  a  few  seconds  are  typically  more  than 
an  order  of  magnitude.  Additionally,  the  uniform  fluxes  were 
required  to  persist  for  a  minimum  time  interval  of  2  min  (120 
spectra  and  '800kml. 

Examples  of  intervals  of  polar  rain  chosen  for  study  arc 
illustrated  by  three  polar  passes  shown  in  Figures  I  a,  16,  and 
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Fig.  1.  Examples  of  occurrence  of  polar  rain  in  DMSPT2  polar  crossings.  The  integral  flux.  JTOT.  in  (cm3  s  srf  the 
energy  flux.  JETOT.  in  keV  cm3  s  sr,  and  the  average  energy.  EAVE,  in  keV  are  plotted  as  functions  of  universal  time  in 
seconds,  geographic  and  corrected  geomagnetic  latitudes  and  longitudes,  and  magnetic  local  time  all  projected  to  an 
altitude  of  110  km:  (u|  Normal  polar  rain  occurring  in  the  north  pole  on  August  22.  1978.  | b)  High-miensiiv  polar  rain 
occurring  in  the  south  pole  on  the  same  day.  (c|  Polar  rain  contaminated  by  high-energy  solar  protons  occurring  in  the 
south  pole  on  May  1.  1978.  Arrows  mark  intervals  of  polar  rain  included  in  the  siudy.  IMF  and  Kp  values  are  given  for 
each  pass 


I c  Figures  la  and  1  h  are  successive  passes  over  the  north  and 

.*Otii!i  i  LSptX  *i  «  *..j  .  xili  .’tU^a  *  x .  '  ...  .  i£...  v  »I‘  U.  x. 

south  pole  pass  on  May  1.  1978.  Vertical  lines  show  entry  into 
and  exit  from  the  diffuse  aurora  on  either  side  of  the  oval. 
Increases  in  integral  flux  equatorward  of  the  vertical  lines  that 
have  high,  but  noisy  average  energies  are  a  result  of  increased 
background  from  high-energy  protons  in  the  radiation  bells 
that  penetrate  the  detector  casing  and  directly  stimulate  the 
channeltrons.  All  three  examples  occur  during  Kp  moderate 
and  H.  negative  The  first  two  passes  occur  in  a  toward  sector; 
the  third  pass  occurs  in  an  away  sector.  Arrows  mark  the 
intervals  of  polar  rain  selected  for  use  in  the  study. 

The  three  passes  in  Figure  1  also  illustrate  three  divisions 
made  in  the  data  set.  Figure  lu  shows  "normal"  polar  ram  for 
which  the  total  integral  flux  of  the  polar  rain  is  below  10’ 
particles  cm3  s  sr.  Passes  in  this  category  had  integral  fluxes  as 
low  as  s4  x  105  particles  cm3  s  sr  Of  the  cases  used,  73'%,  fell 
in  this  category  A  "high"  level  of  polar  rain  is  shown  in 


Figure  lb  and  is  a  pass  in  which  the  integral  flux  reaches  (or 
ewe.?-  " 

found  in  one  polar  cap  only  and  is  often  the  high  end  of  a 
steep  gradient,  as  is  the  case  here.  We  point  out  that  the 
requirement  of  uniformity  in  the  flux  level  does  not  extend 
over  the  large  spatial  domain  of  this  example.  Fligh  levels  of 
polar  rain  were  found  in  19",.  of  the  selected  intervals. 

Figure  Ic  is  an  example  of  increased  instrumental  back¬ 
ground  from  high-energy  solar  protons  in  polar  cap  absorp¬ 
tion  (PCA)  events,  a  phenomenon  similar  to  the  radiation  belt 
background  mentioned  previously  Case-  of  contamination  of 
the  low-energy  data  by  the  background  are  usually  easy  to 
recognize  in  the  survey  plots  because  of  the  high  average 
energy  that  results  (here  about  5  keV)  and  because  they  are 
long  lived  (of  the  order  of  days)  They  also  exhibit  selection  by 
pole  as  is  expected  of  high-energy  particle  entry  At  the  be¬ 
ginning  and  end  of  such  periods,  however,  and  during  weak 
events,  such  contamination  is  not  so  evident.  For  this  reason 
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Fig.  1.  (continued) 


we  established  a  procedure  for  eliminating  background  in  all 
the  data.  Figure  2  shows  individual  I-s  spectra  for  each  of  the 
passes  in  Figure  I.  The  normal  and  high  polar  rain  spectra  fall 
to  below  threshold  by  1  keV.  The  contaminated  spectrum  has 
a  high-energy  tail  that  falls  as  -£~'.  This  is  the  expected 
spectral  shape  for  this  detector  when  an  equal  number  of 
counts  occur  in  each  channel  (background  from  high-energy 
protons).  A  correction  for  such  background  is  made  by  using 
as  a  background  count,  the  count  in  the  highest -energy 
channel  for  the  higher-energy  detector  (1-20  keV),  and  the 
count  times  the  ratio  of  the  cross-sectional  areas  of  the 
channeltrons  of  the  two  detectors  for  the  lower-energy  detec¬ 
tor  (50  eV  to  I  keV).  We  apply  this  correction  routinely  to  all 
cases  of  polar  rain.  While  in  theory  the  correction  should  give 
reasonable  results  for  all  passes,  we  chose  to  eliminate  the 
contaminated  cases  (8",.  of  the  total)  from  our  statistical 
study 

Data  were  obtained  from  a  survey  of  all  DMSP  F2  passes 
in  the  l-year  interval  September  1977  to  August  1 978.  Each 
1-s  spectrum  of  polar  rain  was  assigned  a  value  of  magnetic 
activity.  Kp\  a  value  of  corrected  geomagnetic  latitude  (CGL). 
and  a  value  of  magnetic  local  time  (ML7  l  In  order  to  bin  the 
spectra  in  iones  of  equal  area,  the  CGL-MLT  coordinate 


system  at  1 10  km  was  treated  as  planar,  and  a  Cartesian 
coordinate  system  of  1  (along  the  noon-midnight  axis)  by  1 
(along  the  dawn-dusk  axis),  or  ~110  km  x  110  km.  was 
superimposed.  Separation  by  two  levels  of  Kp  was  made:  0  to 
2+  (designated  henceforth  as  Kp  02).  and  3-  to  5+  (Kp  35); 
as  well  as  by  pole.  Separation  by  the  sign  of  the  IMF  B,  and 
Br  component  was  made  using  hourly  averaged  values  listed 
in  supplement  I  of  the  Interplanetary  Medium  Data  Book 
[King,  1979],  No  time  delay  was  used  in  assigning  values. 
More  than  380.000  spectra  in  all  were  used.  This  number  is 
reduced  by  approximately  one  half  when  assignment  of  IMF 
data  is  required.  The  distribution  of  the  whole  data  set  by 
season  is  summer,  24%;  winter,  24%;  spring  and  fall.  52%. 
The  distribution  of  data  with  B.  is  as  follows:  32%  of  the  data 
occur  for  positive  B..  the  majority  at  values  less  than  4  nT. 
trailing  ofT  up  to  12.5  nT;  the  remaining  68  "..  of  the  data 
occur  for  negative  values  of  B.  up  to  —  19.5  nT.  The  distri¬ 
bution  in  B,  is  in  agreement  with  the  results  of  Hardy  [1984] 
which  show  that  for  B,  north,  electron  precipitation  other 
than  polar  rain  occurs  in  the  polar  cap.  In  sorting  the  data  set 
by  B,  and  Br  we  use  the  findings  of  Y eager  and  Frank  [1976] 
and  Meng  and  Krirehl  [1977]  and  group  the  north  isoulh)  pole 
toward  sector  with  the  south  (north)  pole  away  sector,  we  find 
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Fig.  I  (continued) 


59%  (41  %)  of  the  spectra  in  the  combined  grouping.  In  addi¬ 
tion,  38%  (62%)  of  the  spectra  occurred  in  the  south  (north) 
pole,  reflecting  the  lesser  high-latitude  orbital  coverage  in  the 
southern  hemisphere. 

A  corrected  average  spectrum  was  calculated  for  each  grid 
point  binned  by  Kp  and  IMF  sector.  Typically,  the  standard 
deviation  for  each  spectral  point  was  50-100%  of  the  average 
value  Deviations  of  this  size  are  normal  in  large  statistical 
studies  of  magnetospheric  parameters.  From  the  average  spec¬ 
trum.  the  average  integral  flux,  energy  flux,  and  average 
energy  were  calculated. 

4.  Variations  in  the  Average 
Energy  and  Integral  Flex: 

No  Separation  by  IMF 

Plates  la  and  IF  are  color  spectrograms  of  the  total  number 
of  spectra  (numberl.  Ihe  average  integral  number  flux  (IF),  and 
average  energy  (AE)  for  the  two  Kp  bins,  Kp  02  (Plate  la,  top, 
and  Plate  lb,  left  column)  and  Kp  35  (Plate  la.  bottom  and 
Plate  16,  right  column).  No  separation  other  than  by  Kp  was 
used  (except  exclusion  of  contaminated  spectra,  as  stated  ear¬ 
lier).  The  spectrograms  arc  plotted  in  CGL-MLT  coordinates. 
The  CGL  coordinates  measured  from  the  magnetic  pole  along 


the  noon-midnight  and  the  dawn-dusk  axes  are  shown  on  the 
sides  of  each  spectrogram.  Local  noon  is  at  the  center  top  of 
each  plot:  dawn  is  middle  right.  A  key  to  the  color  coding  is 
given  at  the  right-hand  side  of  each  spectrum  The  color  sepa¬ 
rations  arc  equal  linear  steps  for  number  and  average  energy 
(in  kcV)  and  in  equal  logarithmic  steps  for  the  integral  (lux  (in 
(cm:  s  sr) “  ').  Maximum  and  minimum  color  values  are  given. 
(The  log  of  IF  is  given;  other  values  are  integral.) 

The  spectrograms  of  the  number  of  cases  (Plate  la)  show 
that  the  largest  sampling  of  polar  rain  occurs  in  the  center  of 
the  cap  where  south  pole  orbits  (covering  dayside  to  midcap) 
and  north  pole  orbits  (covering  midcap  to  nightsidc)  cover  the 
same  latitude-local  time  area.  The  poorest  sampling  is  on  the 
dayside  and  al  the  equatorward  edges  of  the  cap.  where  parti¬ 
cle  enhancements  above  the  level  of  the  polar  rain  are  often 
continuous  with  the  cusp  region  or  the  oval  To  avoid  includ 
ing  such  enhancements,  we  have  been  extremely  conservative 
in  choosing  intervals  of  polar  rain  near  the  oval  (see  Figure  I) 
leading  to  the  poorer  sampling  rate  there.  The  high  sampling 
rate  al  the  midnight  region  boundary  anil  the  sameness  of  this 
boundary  for  Ihe  two  Kp  bins  results  from  ihe  lack  of  orbital 
coverage  below  the  boundary,  as  mentioned  in  section  2  A 
consequence  of  the  selection  method  and  the  orbital  coverage 
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Fig.  2.  Polar  ram  spectra  from  the  examples  shown  in  figure  I. 
normal  polar  rain  (circlesl  from  August  22.  1978,  0303:32  1 1 1012  s) 
LIT;  high  polar  rain  (crosses)  from  August  22.  1978.  0354:40(14080  s) 
UT:  contaminated  polar  rain  (plusesl  from  Mav  1,  1978.  0556:09 
(21369  si  UT 


is  (hat  the  distribution  of  number  of  cases  does  not  represent 
frequency  of  occurrence.  Nevertheless,  we  can  use  the  edges  of 
the  sample  as  an  indication  of  the  approximate  size  of  the 
polar  cap.  A  rough  circular  fit  to  the  limits  of  each  sample  (not 
taking  into  account  the  spherical  curvature  of  the  earth  and 
ignoring  the  artificial  midnight  region  boundary)  is  shown  in 
Plate  la.  The  circle  is  offset  toward  2300  MLT  by  ~  5J  (~  3  ) 
and  has  a  radius  of  15  (16.5  )  for  Kp  02  (35).  The  polar  cap 
becomes  larger  and  more  spherically  symmetric  about  the 
geomagnetic  pole  as  magnetic  activity  increases. 

In  the  integral  flux  and  average  energy  (Plate  lh,  top  and 
bottom),  systematic  local  time-latitude  variations  are  evident. 
The  axis  of  symmetry  of  the  variations  (or  the  axis  of  maxi¬ 
mum  gradient  in  the  variations)  is  prenoon  to  premidnight. 
Along  this  axis  the  variations  are  bandlike.  The  integral  flux 
decreases  from  day  to  night,  while  the  average  energy  in¬ 
creases.  The  overall  range  of  average  values  for  the  two  quan¬ 
tities  is  approximately  the  same  for  both  Kp  bins.  Integral  flux 
varies  from  1  O'*  to  2  x  I01  electrons  cmJ  s  sr,  and  average 
energy  varies  from  1 50  eV  to  600  eV.  For  higher  Kp  values  a 
larger  portion  of  the  cap  is  filled  with  the  more  intense,  cooler 
fluxes  than  for  quieter  periods. 

A  prenoon  to  prcmidnigh(  gradient  appears  to  be  the  funda¬ 
mental  variation  in  polar  rain  morphology.  For  all  separa¬ 
tions  of  the  data  (by  season,  by  components  of  the  IMF,  for 
normal  and  for  high  polar  rain)  a  noon-midnight  variation  in 
the  same  sense  emerges  In  some  cases  there  is  a  slight  rota¬ 
tion  of  the  axis  of  symmetry  (see  section  5).  Often  the  noon- 
midnight  variation  is  less  regular  than  in  Plate  I,  primarily 
because  of  reduced  statistics  caused  by  additional  separations. 
In  such  separations  the  bandlike  nature  of  the  variation  gener¬ 
ally  persists  in  the  noon  sector  (where  the  fluxes  are  highest), 
but  breaks  up  into  patches  in  the  midnight  sector,  leaving  an 
extension  of  low  midnight  fluxes  along  the  edges  of  a  substan¬ 
tial  portion  of  (he  cap  When  only  normal  polar  rain  cases  are 
used,  the  gradients  are  much  reduced  and  confined  more  to 


the  edges  of  the  polar  caps.  For  these  cases,  large  sections  of 
the  center  of  the  cap  have  near-uniform  values  of  flux  and 
average  energy. 

The  total  cap  area,  total  number  flux,  and  total  energy  flux 
are  given  in  Table  I  for  the  two  Kp  separations.  Also  given  are 
the  percent  differences  between  the  two  cases.  Assuming  that 
the  flux  is  isotropic  over  the  downcoming  hemisphere,  the 
total  number  of  electrons  entering  the  cap  in  the  polar  rain  is 
1.0  x  10'"4  s‘  1  (2.1  x  10’'*  s' 1 ).  and  the  energy  flux  into  the 
cap  is  4.7  x  10"  W  (8.7  x  10’  W)  for  Kp  02  (Kp  35).  Although 
the  cap  size  varies  by  only  21%  between  quiet  and  moderate 
activity,  the  particle  flux  and  energy  flux  increase  by  about 
50".., 

5.  Variations  in  the  Average 
Energy  and  Integral  Flux: 

Separation  by  B, 

We  present  here  separation  of  the  polar  rain  data  by  B,, 
maintaining  the  separation  in  Kp.  Separation  of  the  data  by 
B,  was  found  to  be  indistinguishable  from  B>  separations 
(comparing  separations  of  opposite  sign).  In  the  separation, 
north  pole  B,  positive  (away  sector)  data  are  grouped  with 
south  pole  Bv  negative  (toward  sector)  data;  and  vice  versa.  In 
the  text  we  refer  to  the  above  groupings  only  by  north  pole 
assignments:  B,  positive  and  Bv  negative,  respectively.  The 
availability  of  IMF  data  and  the  separation  by  B,.  Teduced  the 
total  spectra  used  to  produce  each  map  to  approximately  one 
quarter  of  the  total  available  in  the  separation  by  Kp  alone. 
Plates  2  and  3  are  plots  of  the  integral  flux  and  the  average 
energy  for  Kp  02  and  Kp  35  with  the  B,  separation.  The 
integral  flux  (average  energy)  is  shown  in  the  top  (bottom) 
row;  and  Bv  positive  (negative)  in  the  left  (right)  column.  Be¬ 
cause  of  the  smaller  sample  the  polar  cap  boundaries  are 
higher,  more  irregular,  and  harder  to  interpret  than  those  for 
the  total. 

As  was  the  case  for  the  total  distribution,  the  low  and  high 
Kp  distributions  in  the  B.and  B,  separations  differ  principally 
by  flux  intensity.  Therefore  our  focus  will  be  on  the  high  Kp 
range  (high  intensities)  shown  in  Plate  3.  The  range  in  integral 
flux  for  By  positive  (away  sector)  is  a  factor  of  2  greater  than 
that  for  By  negative  (toward  sector).  (2.8-20)  x  10*’ 
electrons, cm:  s  sr  as  compared  to  (1-11)  x  10"  electrons, cmJ 
s  sr.  The  distribution  of  the  flux  range  across  the  cap  is  quite 
different  in  the  two  cases.  For  By  positive  the  polar  rain  inten¬ 
sity  is  highest  on  the  dayside.  prenoon.  and  lowest  on  the 
nightside.  premidnight,  which  is  similar  to  the  bandlike  struc¬ 
ture  without  the  B(  separation.  For  Bt  negative  the  flux  for 
most  of  the  cap  falls  below  the  lowest  levels  of  the  B(.  positive 
cap:  (1-3.9)  x  10"  particles  cm:  s  sr.  Higher  fluxes  are  limited 
to  a  small  region  on  the  dayside,  presumably  just  poleward  of 
the  cusp  Overall,  the  fi(  negative  cap  is  more  symmetric  daw  n 
to  dusk  than  the  B,  positive  cap.  In  Figure  3  we  have  plotted 
the  average  number  flux  along  the  noon-midnight  meridian 
for  each  separation  in  Br  and  for  Kp  35.  The  averages  were 
performed  over  5  square  bins  on  either  side  of  the  noon- 


TABL1  I  Polar  Cap  Integrated  Quantities  Total  Sample 


Area,  cm 2 

IF.  Is  sr)'  ’ 

El'.  keV  s  sr 

Kp  o: 

0.86  «  It)1' 

3  3  x  10” 

094  x  10-’’ 

Kp  35 

109  «  10'' 

6.7  x  10“ 

i  73  x  10” 

%  diflerente 

21 

51 

46 

If  is  integral  flux  If  is  energy  (lux 


GUSSENHOVEN  ET  AL.:  MtUtPHOLCKiS  (>F  P(>LAK  RaIN 


97V I 


Fig  3.  Polar  rain  number  flux  in  (cm2  s  sr|''  averaged  over  5 
square  bins  on  either  side  of  (he  noon-midnight  meridian,  plotted  as  a 
function  of  latitude,  for  Ap  35.  The  eases  for  By  positive  (negative)  in 
the  north  Isoulhl  pole  are  represented  by  circles,  and  the  opposite 
IMF  signature  bv  pluses. 


midnight  meridian  as  shown  in  the  inset.  We  note  that  at 
lowest  latitudes  in  the  midnight  and  noon  sectors  the  differ¬ 
ence  for  fluxes  in  the  two  sectors  for  By  positive  and  negative 
is  uniform,  at  about  a  factor  of  2.  The  ratio  of  fluxes  of  B , 
positive  to  those  of  B,  negative  increases,  however,  as  one 
approaches  the  magnetic  pole,  reaching  values  as  high  as  5. 

The  variations  in  average  energy  follow  the  flux  in  an  in¬ 
verse  sense,  as  in  the  total  distributions.  For  both  signs  of  Br 
the  average  energy  for  Kp  35  ranges  from  100  to  150  eV  on 
the  dayside  and  from  400  to  600  eV  on  the  nightside.  The 
rotation  of  the  axis  of  symmetry  between  fl,  positive  and  B, 
negative  is  clearly  seen  in  the  average  energy  distributions. 
The  gradients  in  average  energy  are  greater  for  B,  negative 
than  for  By  positive,  as  is  shown  in  Figure  4.  Here  the  average 


fig  4  Polar  rum  uveruge  energy  in  electron  vollx  plotted  av  u 
function  of  latitude  on  either  vide  of  (he  noon-midnight  meridian,  in 
the  vame  formal  uv  F  igure  3 


energy  data  corresponding  to  the  integral  flux  data  in  Figure  3 
are  plotted  by  latitude  across  the  noon-midnight  meridian. 

The  anticorrelation  between  the  integral  flux  and  the 
average  energy  is  remarkably  consistent  for  all  separations 
and  for  all  parts  of  the  cap.  Averages  of  these  quantities  in  the 
large  5  bins  across  the  whole  cap  are  plotted  against  one 
another  in  Figure  5.  Here  circles  (triangles)  represent  low- 
activity  (high-activity)  bins  for  B,  positive:  and  crosses  (pluses) 
represent  the  low-activity  (high-activity)  bins  for  By  negative. 
No  points  were  excluded,  even  though  the  number  of  samples 
was  small  in  some  bins.  The  results  show  a  clear  linear  re¬ 
lationship  between  the  parameters.  A  linear  regression  gives  a 
correlation  coefficient  of  -0.86.  For  the  integral  flux  in  (cm2  s 
sr)'  1  and  the  average  energy  in  electron  volts  the  linear  re¬ 
gression  equation  is  log  IF  =  7.51  —  EA VE/357. 

Average  spectra  at  extreme  ends  of  the  noon  and  midnight 
meridian  in  the  cap  are  plotted  for  the  two  B,  separations  and 
Ap  35.  in  Figure  6.  Compared  to  the  dayside  spectra,  the 
midnight  spectra  have  decreased  fluxes  at  low  energies  (by 
more  than  an  order  of  magnitude  for  B,  positive)  and  in¬ 
creased  fluxes  above  1  keV.  Further,  the  lower  fluxes  in  the  By 
negative  cases  are  harder  than  comparable  spectra  in  the  Br 
positive  cases.  That  is.  iow-Ievel  fluxes,  whether  within  a  given 
cap  (i.e..  in  the  midnight  region)  or  in  a  given  heitiisphere. 
appear  to  be  accompanied  either  by  energization  or  by  admix¬ 
tures  of  higher-energy  fluxes. 

Integrated  values  of  the  average  quantities  for  separations 
of  the  data  by  fl(  and  A'p  are  given  in  Table  2.  As  in  the  total 
distribution,  the  increase  in  magnetic  activity  from  Kp  02  to 
Kp  35  increases  the  number  flux  and  energy  flux  by  approxi¬ 
mately  a  factor  of  2.  with  a  somewhat  larger  increase  in  the  B(. 
positive  cap.  For  higher  activity  the  difference  between  the  By 
positive  and  the  B(.  negative  cap  is  greater:  56%  (43%)  for  the 


Fig  5  Average  number  in  lenv  s  sr)  1  plotted  against  the  corre¬ 
sponding  average  energy  in  electron  volts  for  MLT-CGl.  bins  of  5 
square  For  B,  positive  (negutivel  in  the  north  Isoulhl  pole  the  data 
poinis  are  represented  by  circles  (trianglesi  for  Kp  02  (3?)  For  B, 
negative  (positivel  in  the  north  Isoulhl  pole  the  data  points  are  repre¬ 
sented  by  crosses  Iplusesi  for  Kp  02 1 35). 
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Fig  6.  Average  polar  rain  spectra  at  79  CGL.  noon  (circles)  and 
at  75  CGL.  midnight  (crosses!  for  B,  positive  (negativel  in  the  north 
(south)  pole  (left-hand  sidel  and  for  B,  negative  (positive)  in  the  north 
(southi  pole  (right-hand  side).  Kp  is  35:  the  lower  (upper)  energy 
scales  are  appropriate  to  the  spectra  on  the  left-hand  (right-hand) 
side. 


number  flux  (energy  flux)  as  compared  to  36%  (32%)  at  Kp 

02. 

Finally,  there  appears  to  be  a  difference  in  the  cap  shape,  or 
difference  in  the  polar  rain  access  region  for  the  two  signs  of 
By.  The  cap  extends  to  lower  latitudes  in  the  postnoon  region 
for  By  negative.  There  is  a  less  well-defined  move  of  the  cap 
boundary  to  lower  latitudes  in  the  prenoon  region  for  Bt  posi¬ 
tive.  Little  difference  exists  between  the  two  states  in  the  mid¬ 
night  region. 

In  summary:  (1)  There  is  strong  hemispheric  selection  of 
polar  rain  by  sector.  (2)  Polar  rain  fluxes  are  always  greater  on 
the  dayside.  (3)  Polar  rain  fluxes  are  greater  on  the  morning 
flank  for  north  pole  (south  pole)  away  sectors  or  Bt  positive 
(toward  sectors  or  B,  negativel.  There  does  not  appear  to  be 
reciprocal  asymmetry,  giving  higher  fluxes  in  the  evening 
sector,  for  the  reversed  IMF  configuration  (4)  The  average 
energy  of  (he  polar  rain  varies  inversely  with  the  log  of  the 
number  flux  (5)  The  shape  of  the  cap  is  lopsided  on  the  day- 
side  according  to  the  sign  of  B, 

6.  Additional  Si  parxikins 

Separations  of  the  polar  rain  data  were  made  with  parame¬ 
ters  other  than  Kp  and  B,  We  summarize  the  results  of  the 
separations  here  without  presenting  the  data 

Separation  b\  B.  The  data  were  divided  into  three,  near¬ 
equal  parts  B.  <  -2.5  nT:  —  2  5  <  B.  <0  nT .  and  fl.  >  0 
nT  No  correction  was  made  in  assigning  B.  values  to  the 
polar  rain  data  for  propagating  the  IMF  data  from  their  mea¬ 
sured  position  to  the  cap.  or  for  the  observed  high-latitude 
magnetosphcric  response  time  to  changes  in  the  IMF  [Hardy 
el  al .  I9X2J  l  or  fl.  weakly  negative  (  — 2  5  <  B.  <  0  nT)  the 


TABLE  2  Polar  Cap  Integrated  Quantities  IMF  Separation 


Area,  cm1 

IF.  (v  trl'  1 

EF.  IceV  s  « 

Kp  02 

B,+  NPlB,-  SPl 

0  59  x  |0‘ 

2.2  »  10” 

062  x  10” 

B,  -  NP  (B.+  SP) 

0.68  «  t0r 

1  4  «  10” 

047  x  10” 

Kp  35 

B,+  NP  (B.  -  SP) 

075  »  10' 

5  9  «  10” 

1  38  x  10” 

B,  -  NP(B.+  SP) 

082  »  10' ' 

2.6  «  10” 

0  78  x  10” 

IF  is  integral  flux  EF  is  energy  flux  NP  is  north  pole  SP  is  south 
pole 


variations  in  integral  flux,  energy  flux,  and  aveiage  energy 
were  indistinguishable  from  the  results  for  B.  >  0,  and  both,  in 
turn,  were  nearly  identical  to  the  Kp  02  results  (Plate  I).  One 
difference  is  that  in  both  B.  separations,  values  of  the  average 
energy  were  higher  by  between  50  and  100  eV  in  the  nightside 
cap  than  for  the  Kp  02  separation.  For  B.  <  —2.5  nT,  the 
results  were  very  similar  to  those  for  Kp  35.  Comparing  these 
two  cases  in  detail  showed  that  the  average  energy  was  some¬ 
what  lower  ( —  50  eV)  in  the  nightside  cap  for  the  fl.  separa¬ 
tion. 

Separations  hy  pole.  fl.,  and  By.  A  separation  by  north  and 
south  pole,  positive  and  negative  B..  and  positive  and  negative 
By  was  made  for  the  following  reasons:  to  check  the  validity  of 
combining  north  and  south  pole  data  of  opposite  sectors  and 
to  uncover  obvious  correlations  between  fl,  and  B,.  North 
and  south  pole  data  overlap  only  in  the  midcap.  Thus  separa¬ 
tion  by  pole  does  not  affect  the  individual  bin  sample  size 
except  in  the  midcap  where  the  best  sampling  occurred.  (See 
Plate  1.)  These  same  orbital  characteristics  limit  comparison 
of  dav-night  trends  in  both  caps  to  the  midcap  region  where 
the  gradients  are  not  large. 

For  the  four  separations  (B_.  positive,  negative;  B,.  positive, 
negative)  the  midcap  overlap  values  of  integral  flux  and 
average  energy  were  very  nearly  the  same.  Further,  in  all 
case...  the  trends  of  decreasing  flux  and  increasing  average 
energy  toward  midnight  are  clear  in  each  hemisphere  taken 
separately:  from  day  (midcap)  to  midcap  (night)  in  the  south 
(north)  pole. 

No  obv  ious  combined  fl.-Bt  effects  could  be  seen.  However, 
the  dependence  of  the  shape  of  the  polar  cap  (access  region  of 
polar  rain)  on  Br  discussed  in  section  5.  was  again  observed. 
For  B.  positive  the  access  region  is  additionally  confined 
almost  entirely  to  the  nightside.  Sketches  of  the  outlines  of  the 
polar  rain  data  sample  regions  for  the  B.-By  combinations  are 
shown  in  Figure  7.  The  dashed  (solid)  lines  show  polar  rain 
regions  in  CGL-MLT  coordinates  for  B.  negative  (positive) 
and  for  each  sign  of  B,.  As  before,  for  B.  negative  there  is  a 
small,  but  clear  indentation  in  an  otherwise  near-symmetric 
cap  which  lies  cither  prenoon  or  postnoon  depending  on  the 
sign  of  By.  For  B.  positive  the  cap  is  even  more  strongly 
lopsided  in  the  same  sense,  and.  in  addition,  there  is  very  little 
extension  of  the  cap  into  the  dayside  region  below  -  85 
CGM 

Separation  by  season.  The  data  were  separated  by  season 
and  by  Kp  The  seasons  are  defined  as  the  three  months  cen¬ 
tered  on  the  equinoxes  and  the  solstices.  Corresponding  sea¬ 
sons  in  opposite  hemispheres  were  combined.  The  percentage 
occurrence  by  season  is  given  in  section  3.  There  is  a  regular 
variation  in  the  polar  rain  integral  flux  with  season.  This  is 
true  for  both  low  and  moderate  Kp  separations  For  Kp  35. 
which  has  the  stronger  variation  of  the  two  activity  separa¬ 
tions,  intense  fluxes  (>6  x  10*  (cm1  s  sr| '  1 )  fill  almost  the 
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Fig  7.  Regions  of  polar  rain  accessibility  in  corrected  geomagnetic  latitude  and  magnetic  local  time  polar  plots.  The 
dashed  isolid)  lines  are  for  cases  of  B.  negative  (positive!.  The  left-hand  (right-hand)  plot  is  for  B(  positive  (negative)  in  the 
north  pole  and  the  opposite  sign  of  B)  in  the  south  pole. 


entire  summer  cap,  are  confined  mostly  to  the  dayside  for 
equinoctial  seasons,  and  occur  only  in  the  prenoon  sector  in 
the  winter.  The  average  energy  variations,  however,  are  in¬ 
creasing  from  day  to  night  in  approximately  the  same  way 
from  season  to  season.  It  should  also  be  noted  that  the  band¬ 
like  variations  in  number  flux  and  average  energy  seen  in  the 
total  distribution  (Plate  1)  are  far  more  regular  across  the 
whole  cap  for  equinoctial  seasons  than  for  those  centered  on 
the  solstices. 

7.  Discussion 

The  observational  results  may  be  summarized  as  follows: 

1.  In  all  separations  of  the  data,  polar  rain  fluxes  are  high¬ 
est  on  the  dayside  of  the  cap. 

2.  The  average  polar  rain  number  and  energy  flux  in¬ 
creases  with  magnetic  activity  (or  equivalently  with  increasing 
negative  B.k  as  does  the  size  of  the  polar  rain  precipitation 
region. 

3.  In  all  cases  the  average  precipitation  is  much  weaker 
than  in  the  auroral  oval.  However,  because  the  precipitation 
occurs  over  such  a  large  area,  the  total  contribution  to  the 
polar  ionosphere  of  ~  I024  electrons  s  and  ~  10R  W  is  only 
1-2  orders  of  magnitude  less  than  the  rates  into  the  auroral 
oval  [Hill,  1974;  Spiro  el  al.,  1982] 

4.  The  polar  rain  fluxes  are  higher  in  the  north  (south) 
pole  for  away  (toward)  sectors  in  which  B,  is  positive  (nega¬ 
tive).  This  is  in  agreement  with  previously  published  results 
[Fennell  et  al.,  1975;  Meng  and  Kroehl,  1977;  Yeager  and 
Frank.  1976].  For  the  IMF  configuration  resulting  in  higher 
polar  rain  fluxes  the  day  night  variation  is  reasonably  sym¬ 
metric  about  an  axis  running  across  the  cap  slightly  prenoon 
to  premidnight.  For  the  alternate  case,  where  polar  rain  fluxes 
are  lower,  the  axis  is  oriented  more  from  noon  to  midnight, 
but  does  not  rotate  such  that  the  eveningside  fluxes  are  higher 
than  the  morningside  fluxes.  This  latter  finding  is  significantly 
different  from  the  dawn-dusk,  fl, -dependent  polar  rain  asym¬ 
metry  proposed  by  Meng  el  al.  ( 1977], 

5  The  average  energy  and  number  flux  of  the  polar  rain 
vary  together  in  a  consistent  manner  Regions  of  high  (low) 
flux  are  regions  of  low  (high)  average  energy  The  anti¬ 
correlation  between  number  flux  and  average  energy  is  quite 
high  and  exists  over  all  local  times  and  both  poles,  for  all  IMF 
separations,  and  for  all  geomagnetic  activities 


6.  Higher  average  number  and  energy  fluxes  occur  in  the 
sunlit  cap  (summer)  than  m  the  darkened  cap  (winter): 

The  primary  purpose  of  this  report  is  presentation  of  obser¬ 
vational  results.  Nevertheless,  we  wish  to  make  some  com¬ 
ments  on  the  relationship  of  our  observations  to  others  and  to 
suggest  what  additional  information  is  necessary  to  model 
these  weakest  of  high-latitude  plasma  interactions. 

To  explain  the  morphology  of  polar  rain  precipitation,  we 
require  know  ledge  of  (1)  the  source  of  electrons  and  ions  in  the 
tail  lobes.  (2)  the  mechanisms  by  which  the  plasma  is  trans¬ 
ported  (and.  possibly,  heated)  from  the  sources,  through  the 
lobes,  and  out.  and  (3)  the  means  by  which  the  electrons  are 
precipitated,  and.  in  particular,  the  mechanism  for  pitch  angle 
diffusion  if  diffusion  is  required. 

A  schematic  representation  of  the  tail  lobe  and  its  adjoiring 
regions  is  shown  in  Figure  8.  In  Figure  8  we  note  the  four 
possible  sources  of  lobe  plasma;  (I)  the  ionosphere,  at  low 
altitudes.  (2)  the  magnetosheath  over  the  top  lobe  surface.  (3) 
the  boundary  plasma  sheet  near  the  equatorial  surface,  and  (4) 
direct  solar  w  ind  access  far  down  tail  where  the  magnetopause 
and  magnetosheath  have  lost  their  identity. 

In  some  instances,  plasma  from  these  various  sources  has 
been  measured.  At  the  position  marked  1  in  Figure  8.  the 
polar  wind  has  been  theoretically  predicted  [Bunks  and 
Holier,  1968.  1969;  Axford.  1968]  and  experimentally  ob¬ 
served  [Hoffman  and  Dodson,  1980;  Gurgiolo  and  Bureh,  1982]. 
Light  ions  with  low-altitude  temperatures  of  0[0]  eV  (where 
0[n]  indicates  order  of  magnitude  n)  are  measured  to  have 
supersonic  velocities  0[l]  km  s  at  altitudes  of  0[3]  km  with 
outward  fluxes  of  0[8]  (cm2  s|~ Sharp  el  al.  [1981]  and 
Shelley  el  al.  [  1982]  have  reported  outward  flows  of  O  +  com¬ 
parable  to  or  exceeding  that  of  H  +  in  the  tail  lobes  at  <20 
Rc  and  at  the  DC  orbit  (<5  R £).  respectively.  While  these  ions 
have  fluxes  similar  to  those  predicted  by  polar  wind  theory. 
0[6]  (cm2  s)  1  at  5  Rt  and  0[3]  (cm2  s)‘  1  at  20  R,.  they  are 
considerably  warmer  than  polar  wind  hydrogen  [Gurgiolo  and 
Bureh.  1982],  and  their  escape  from  the  ionosphere,  not  pre¬ 
dicted  by  polar  wind  theory,  is  currently  unexplained 

At  the  position  marked  2.  the  dayside  cusp  and  mag¬ 
netosheath  populations  have  easy  access  to  the  lobes  and  form 
the  mantle  [Sikopkc  and  Pasihmann.  1978;  Rtisenbauer  el  a!.. 
1975]  The  mantle  is  characterized  by  a  transition  in  the  mag¬ 
netic  field  from  a  variable  magnetosheath  field  to  the  highly 
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Fig.  S.  S.4  -mafic  ■.'le-fauon  of  the  northern  tail  lobe  and  surrounding  plasma  populations:  fl)  the  jeno««here.  C2l  the 

magnetosheath-cusp.  (3|  the  boundary  plasma  sheet,  and  (4)  the  solar  wind. 


ordered  lobe  field.  While  the  temperature  of  the  ions  in  the 
mantle  near  the  magnetosheath  at  <  15  Rcis  similar  to  that  in 
the  magnetosheath,  the  density  falls  from  magnetosheath 
values.  0[1]  cm'1,  by  2  orders  of  magnitude  over  mantle 
thicknesses  that  can  be  as  large  as  several  earth  radii.  The 
antisolar  streaming  velocity  of  mantle  ions  is  reduced  from 
that  in  the  magnetosheath  to  -  100  km  s.  At  lunar  distances 
(60  Rf ).  ion  populations  are  measured  streaming  antisunward 
with  velocities  0[ 2]  km  s.  densities  from  0.01  to  5  cm  "1,  and 
temperatures  generally  <30  eV  [  Hardy  el  a/..  19796].  While 
Hardy  el  al.  [19796]  interpreted  these  plasma  observations  as 
arrival  of  mantle  plasma  through  convection  to  the  position  of 
the  moon  (see  also  Pilhp  and  Mortill  [1978]).  Sharp  el  al. 
[1981]  have  suggested  that  some  of  these  observations  may 
include  the  warm  O+  flow  seen  by  them  at  20  Rt. 

Evidence  for  solar  wind  or  magnetosheath  plasma  entry 
across  the  magnetopause  bordering  the  tail  lobes  has  not  been 
established  for  ions,  although  the  very  existence  of  polar  rain 
has  been  taken  to  be  such  evidence  for  electrons  [ Fennell  el 
al.,  1975:  Mizera  and  Fennell.  1978],  For  low-energy  plasma 
such  entry  is  problematic.  Although  direct  connection  of  mag¬ 
netic  field  lines  from  the  lobes  and  solar  wind  is  generally 
assumed  to  occur  to  some  degree  [see  Voigt.  1981;  Stern, 
1973,  1977;  Heikkila ,  1984],  the  polarization  electric  fields  and 
currents  at  the  magnetopause  should  strongly  affect  any  low- 
energy  plasma  in  the  process  of  entering  the  magnetotail.  We 
think  it  doubtful  that  there  is  any  region  down  tail  where  the 
processes  at  the  magnetopause  would  be  sufficiently  weak  to 
allow  the  more  energetic  component  of  either  the  solar  wind 
or  the  magnetoshcath  to  have  direct  entry  to  the  tail  lobes. 
Nevertheless,  the  fact  that  higher  levels  of  polar  rain  (and  a 
cooler  electron  population)  occur  in  the  north  (south)  polar 
Cup  in  an  away  (toward)  sector,  when  compared  to  the  op¬ 
posite  hemisphere,  is  an  argument  for  this  simple  picture,  since 
the  preferred  caps  are  those  that  would  be  more  directly  con¬ 
nected  to  the  sun. 

The  remaining  contiguous  population  is  the  boundary 
plasma  sheet  This  is  also  a  doubtful  source,  since  in  order  to 
populate  the  tail  lobe  this  plasma  would  have  to  move,  by 
diffusion  or  other  processes,  against  the  direction  of  convec¬ 
tion  by  the  large-scale  magnetospheric  electric  field 

A  comparison  of  the  electron  spectra  observed  in  the  tail 
lobes  in  the  energy  range  from  40  e\  to  1  keV  is  shown  in 
figure  9  Here  we  compare  OMSI’  measurements  with  ISIS  I 
measurements  at  3000  km  [Winninglijn  and  Heikkila.  1974], 
IMP  5  measurements  between  5  and  10  Rt  f Yeager  and 
frank.  |97fi],  and  observations  at  the  lunar  surface  [Hurd v  el 
al  .  I9"9<  ]  One  notes  that  while  the  high-energy  portion  of 


the  electron  spectrum  becomes  more  prominent  with  distances 
down  tail,  the  range  in  intensities  for  electrons  at  -  100  eV  is 
quite  similar  throughout  the  lobes.  This  indicates  that  the 
electron  density  and  pressure  should  be  reasonably  constant 
along  the  magnetic  field  lines  on  which  polar  ram  occurs. 

Two  other  points  on  polar  rain  measurements  are  impor¬ 
tant.  First,  at  all  altitudes  the  polar  rain  electrons  are  isotropic 
outside  the  atmospheric  loss  cone.  This  indicates  either  a  con¬ 
tinuous  and  uniform  source  for  the  entire  tail  lobes  or  main¬ 
tenance  of  strong  pitch  angle  diffusion  across  the  loss  cone 
with  less  restrictive  requirements  on  the  source.  Second,  in  all 
measurements  reported  to  date,  no  warm  streaming  ions  have 
been  observed  in  association  with  the  polar  rain.  While  the 
instrumental  limitations  of  the  measurement  have  been  care¬ 
fully  discussed  [  Winning liam  and  Heikkila,  1974;  Y eager  and 


Fig  4  Electron  spedra  al  different  altitudes  in  the  polar  cap-tail 
lohe  region  Narrow -lined  spccira  arc  from  the  DMSP  f  2  satellite  at 
800  km.  circles  represent  spectra  from  ISIS  2  al  3000  km.  triangles 
from  IMP  5  al  3  10  R,  and  crosses  from  the  moon  al  60  R, 
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Plate  f <j  (fopi  Number  of  polar  rain  spectra  used  in  each  CGI -Mil  bin  in  the  total  distribution 
for  Kp  02.  color  coded  in  equal  linear  steps  l Bottom l  Number  of  polar  rain  spectra  lor  Kp  >5  The  axes 
are  labeled  bv  decrees  along  the  noon-nndnighf  Hop  to  bottom)  and  dusk-da*n  Heft  to  right)  meridians 


Plate Z  Average  values  of  the  polar  rain  integral  flux  (IF)  in  (cm1  s  srl' 1  and  average  energy  (AE)  in  keV  for  Kp  02  when  the  polar  rain  samples  were  distributed  by 
B  posimr  inegalive)  in  ihe  north  Isouthl  pole  (left-hand  columnl  and  by  B(  negative  (posmve)  in  the  norlh  (soulhl  pole  (right-hand  column)  The  format  for  each  plot  is 
the  same  av  Ih  it  for  (’late  I 
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Pla*e  3.  Same  as  Plate  2.  but  for  Kp  .15. 
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Frank,  1976],  it  is  clear  that  the  streaming  ions  of  the  plasma 
mantle  arc  not  present  and  some  other  ion  source  is  required 
to  maintain  charge  neutrality.  Measurements  of  the  cold 
plasma  density  in  the  tail  lobes  from  approximately  2  to  5  Rc 
have  recently  been  presented  by  Pvrsoon  et  al.  [1983],  Over 
this  range  they  shew  that  the  average  variation  in  density  falls 
as  r  '  *  from  about  30  cm  '  to  I  cm  \  If  the  rate  of  decrease 
were  extended,  albeit  questionably,  to  10  Rr ,  the  average  den¬ 
sity  would  be  006  cm'3,  which  is  comparable  to  polar  rain 
densities 

On  the  basis  of  the  above  discussion  we  propose  the  follow¬ 
ing  mechanisms  for  polar  rain  production  and  transport.  The 
polar  rain  originates  from  the  plasma  mantle,  since  this  is  the 
plasma  population  that  has  the  greatest  access  to  the  tail 
lobes  The  mantle  ions  (with  magnetoshealh  characteristics) 
are  dominated  by  convection  and  stream  from  the  dayside  far 
down  tail  into  the  plasma  sheet.  Their  energy  is  almost  en- 

...  i.,  ..  .i  •  ■»•««..»  rx-r.--.i~r. -  small.  The 

mantle  electrons,  having  higher  temperature  and  pressure  than 
the  ions,  while  also  streaming,  will  tend  to  escape  in  both 
directions  along  the  lobe  field  lines.  The  escape  is  prevented  by 
a  field-aligned  electric  field  (or  region  of  positive  charge  den¬ 
sity  l  within  (he  ion  stream.  The  potential  barrier  traps  some 
portion  of  the  electrons  between  the  converging  magnetic  field 
of  the  ionosphere  and  the  region  of  the  ion  stream.  The  tenu¬ 
ous.  trapped  election  population  is  neutralized  by  cold  ions 
drawn  out  either  from  the  ionosphere  or  out  of  the  ion  stream. 
Although  involvement  of  the  mantle  in  forming  the  elec¬ 
trostatic  potential  has  not  been  considered  in  the  literature, 
stable  field-aligned  potential  drops  have  been  proposed  for 
mirror  and  half-mirror  configurations  by  Persson  [1963, 
1%6].  Stern  [1981],  Faster  and  Burrows  [1977],  and  Win- 
nmahum  and  Gun/ioln  [  1982] 

Two  aspects  of  the  polar  rain  morphology  can  be  rational¬ 
ized  in  this  picture:  the  falling  off  of  number  flux,  and  the 
increase  of  average  energy  from  noon  to  midnight.  The 
trapped  electron  source  is  strongest  where  the  magnetosheath 
particles  enter  the  magnetosphere  and  become  the  mantle, 
namely,  on  field  lines  contiguous  to  the  cusp.  Many  will  pre¬ 
cipitate  immediately,  but  a  continuously  depleted  population 
will  convect  toward  the  plasma  sheet  (or  equivalently  toward 
the  nightside  in  the  cap)  The  longer  the  electrons  escape  loss 
and  continue  to  convect.  the  longer  they  are  subject  to  pro¬ 
cesses  which  heat  (or  cool)  them 

In  this  picture,  as  well,  the  polar  rain  intensity  would  be  a 
reflection  of  IMF-induced  changes  in  the  mantle  plasma  ob¬ 
served  down  tail  at  the  moon  f Hardy  et  al..  1979c].  Lobe 
plasma  is  seen  in  the  morning  quadrant  in  the  north  (south) 
pole  for  away  (toward)  sectors,  and  in  the  evening  sector  for 
the  opposite  configuration  Initial  correspondence  between  the 
lobe  plasma  and  preferred  access  of  polar  rain  obtains  How¬ 
ever.  polar  rain  is  not  symmetrically  distributed  between 
morning  and  evening  for  preferred  sectors,  as  it  appears  the 
lobe  plasma  is  Plasma  mantle  thickness  at  lower  altitudes  has 
not  been  found  to  have  clear  IMF  dependence  [Sekopke  and 
Pusthmann.  1978]  Thus  the  asymmetry  of  plasma  in  the  lobes 
may  be  a  consequence  of  the  unequal  convection  velocities 
and  therefore  strongly  dependent  on  distance  down  tail 

Finally,  we  suggest  that  the  polar  rain  fluxes  to  the  iono¬ 
sphere  are  balanced  by  polar  wind  and  photoelectron  ex¬ 
pansion,  since  there  is  no  comparable  polar  ram  ion  flux  If  so. 
polar  rain  flux  should  be  greater  at  limes  of  enhanced  photo¬ 
electron  flux  and  polar  wind  flux,  namely,  on  the  dayside  and 
in  summer,  as  this  study  shows  to  be  the  case  At  low  altitudes 


and  on  the  dayside  the  polar  rain  flux  can  be  within  I  order  of 
magnitude  of  the  polar  wind  flux.  It  is  possible  that  all  the 
mechanisms  suggested  here  require,  as  well,  instabilities  that 
control  the  rate  of  pitch  angle  diffusion  for  polar  ram,  and 
that  a  full  explanation  of  polar  rain  morphology  requires  the 
identification  and  the  production  mechanism  of  this  insta¬ 
bility. 
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ABSTRACT 

An  environmental  atlas  of  the  near-geosynchronous  region  (L  =  5. 5-8. 5  RE) 
has  been  compiled  from  ~  120  days  of  data  taken  aboard  the  AF  SCATHA  (P78-2) 
satellite  in  1979,  1980.  Moments  of  the  ion  and  electron  distribution 
functions,  measured  by  the  AFGL  Rapid  Scan  Particle  Spectrometer,  are 
calculated  for  low  energy  (50  eV-20  keV)  and  high  energy  (20  keV-400  keV) 
ranges.  The  moments  are  binned  in  L-Shell,  local  time,  and  KP  and  averaged. 
Three-dimensional  maps  of  the  average  quantities  in  the  low  energy  range  show 
good  overall  agreement  with  existing  models  of  particle  motion  in  combined 
magnetic  and  large-scale  convection  electric  fields,  with  progressive  particle 
loss  along  trajectories  moving  away  from  the  midnight  sector.  Only  small 
variations  in  average  energy  are  found.  The  electrons  precipitating  out  of 
this  region  should  map  to  a  significant  portion  of  the  diffuse  auroral  region 
at  low  altitudes.  A  comparison  is  made  between  the  average  population  at 
geosynchronous  and  statistical  maps  of  precipitating  electrons  made  from 
measurements  taken  on  the  AF/DMSP/F2  and  F4  and  AF/P78-1  satellites  in  polar 
orbits  at  _<  800  km.  The  AFGL  SSJ4  sensors\  on  each  satellite  measure  electrons 
from  50  eV-20  keV  and  return  one  spectrum  every  second.  Over  14  million 
spectra  are  binned  and  averaged  to  give  integral  flux,  energy  flux,  and 


The  SCATHA  satellite  was  launched  in  January,  1979,  for  the  purpose  of 
investigating  satellite  charging  at  high  altitudes.  The  satellite  is  in 
near-geosynchronous  orbit  with  altitude  between  5.3  and  7.8  RE,  inclination  of 
7.9°,  a  spin  rate  of  ~  1  rpm.  The  satellite  drifts  eastward  approximately  5° 
per  day. 

The  orbit  and  instrumentation  of  SCATHA  were  designed,  in  part,  to 
provide  data  needed  to  make  a  statistical  atlas  of  the  near-geosynchronous 
environment.*  For  this  purpose,  120  days  of  data  from  February,  1979,  to  July 
1980,  were  used. 

One  of  the  instruments  onboard  SCATHA  is  the  Air  Force  Geophysics 
Laboratory  Rapid  Scan  Particle  Spectrometer  measuring  electrons  and  ions,  both 
perpendicular  and  parallel  to  the  spin  axis,  in  the  energy  range  50  eV  to  400 
keV.  The  detectors  have  high  time  resolution,  returning  a  complete  spectrum 
every  second;  and  low  energy  resolution:  AE/E  ~  1.  From  these  data,  the 
first  four  moments  of  the  electron  and  ion  distributions  were  calculated, 
integrating  over  each  complete  spin.  The  moments  were  calculated  in  a  low 
energy  range,  50  eV  to  20  keV;  and  a  high  energy  range,  20  keV  to  400  keV;  the 
total  moment  being  the  sum  of  the  two.  The  division  at  20  keV  was  made  to 
distinguish  those  particles  which  are  strongly  affected  by  the  magnetospheric 
convection  electric  field  from  those  which  are  not.  (We  had  also  found  from 
other  studies  that  the  >  20  keV  electron  population  is  the  driver  of 
spacecraft  charging,  and  we  wanted  to  look  separately  at  that  population.) 

The  moments  were  binned  according  to  L-Shell  in  1  RE  units  (using  the 

quiet  Olson-Pf itzer  model  to  determine  L),  local  time  in  hourly  intervals,  and 

\ 

*  Mullen,  E.G.  and  M.S.  Gussenhoven,  SCATHA  Environmental  Atlas,  AFGL-TR- 
83-0002,  Air  Force  Geophysics  Laboratory,  Hanscom  AFB,  1983. 
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KP  in  intervals:  0-1,  2-3,  4-5,  >6-.  The  points  in  each  bin  were  averaged. 

The  quietest  conditions  for  which  the  SCATHA  orbit  reliably  passes 
through  the  plasmasheet  are  for  KP  2,  3,  and  are,  therefore,  conditions  most 
appropriate  for  comparison  with  models  of  quasi-static  processes.  In  this 
presentation,  we  show  a)  the  spatial  variations  in  number  density  and  average 
energy  of  electrons  and  ions;  b)  the  pitch  angle  anisotropy  derived  by 
relating  fluxes  with  pitch  angles  of  90°  to  those  of  45°;  and  c)  a  comparison 
of  geosynchronous  low  energy  electron  fluxes  and  average  energies  with  those 
of  precipitating  electrons  at  low  altitudes.  The  distributions  show  evidence 
for  large-scale  convection  electric  fields  and  the  importance  of  including 
loss  processes  in  any  global  magnetospheric  model. 

Density.  Figure  1  gives  an  overview  of  the  density  variations.  Here  are 
plotted  the  total  density  for  ions  (o)  and  electrons  (+);  and  the  density  over 
the  high  energy  range  (20-400  keV)  for  ions  (A)  and  electrons  (x),  when 
variations  in  local  time,  L-Shell  and  KP  are  looked  at  separately. 

The  variation  in  local  time  for  the  total  ion  population  is  small, 

_3 

between  1  and  2  cm  ,  and  has  a  maximum  in  the  midnight  sector  and  minimum 
post-noon.  On  the  other  hand,  the  total  electron  variation  with  local  time  is 
significantly  larger,  a  factor  of  5.  There  is  a  near-steady  decrease  in 
electron  density  from  05-15  LT,  from  which  an  e-folding  loss  rate  can  be 
calculated  to  be  between  5  and  10  hours,  depending  on  L-Shell  and  magnetic 
activity.  For  the  high  energy  contribution  to  the  total  density,  the  ions 
make  a  substantial  contribution,  while  the  high  energy  electrons  do  not,  being 
more  than  an  order  of  magnitude  smaller.  It  can  also  be  seen  that  the  minimum 
for  the  high  energy  ions^is  significantly  shifted  toward  morning  compared  to 
the  total,  indicating  that  the  local  time  dependence  for  ions  is  highly  energy 
dependent.  This  is  not  the  case  for  electrons  (except  for  the  very  highest 
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energies  where  contribution  to  the  density  is  very  small). 

The  L-Shell  dependence  is  only  unambiguous  for  the  high  energy  ions, 
decreasing  with  increasing  L. 

An  increase  in  density  with  increasing  magnetic  activity  is  clearly 
demonstrated  in  both  ions  and  electrons  and  for  the  high  energy  populations. 
The  high  energy  electron  population  appears  to  saturate  at  highest  KP  levels. 

Perhaps  the  most  striking  feature  of  Figure  1  is  the  non-equality  of 
electron  and  ion  densities  over  the  measured  energy  range  (50  eV  to  400  keV). 
Corrections  for  ion  composition  would  only  increase  the  differences.  The  two 
densities  are  more  nearly  the  same  in  the  midnight  sector  and  for  high  KP. 

i 

They  differ  the  most  on  the  dayside,  for  low  L-values  and  for  low  activity. 
Since  charge  neutrality  must  maintain  (at  least  to  a  degree  much  higher  than 
achieved  here),  and  since  the  electrons  and  ions  are  lost  at  different  rates, 
low  energy  electron  (backscattered,  secondary,  photoelectrons)  from  the 
ionosphere  (or  from  other  sources)  must  play  an  important  role  in  maintaining 
neutral ity . 

A  more  detailed  spatial  display  of  the  density  variations  in  the  high  and 
low  electron  and  ion  populations  for  KP  2,  3  is  shown  in  Figure  2.  The  number 
density  is  given  in  gray  scale  in  approximately  equal  logarithmic  steps 
(except  for  the  lowest  bin)  and  plotted  as  a  function  of  local  time  and 
L-Shell.  In  the  low  energy  ion  case,  a  correction  for  ion  composition  is  made 
using  the  statistical  results  of  the  Lockheed  Ion  Composition  Experiment 
onboard  SCATHA.  Also,  it  should  be  noted  that  to  use  the  same  gray  scale  for 
all  populations,  the  high  energy  electron  densities  must  be  reduced  by  1/10. 

In  the  low  energy  populations,  we  look  for  evidence  of  sources, 

\ 

convection,  and  loss.  In  a  combined  cross-tail  and  corotation  electric  field, 
kilovolt  ions  will  move  sunward  from  the  midnight  region  on  trajectories  that 


carry  them  earthward  of  the  SCATHA  regime,  through  the  SCATHA  regime  in  the 
noon  sector  and  out  through  the  dayside  magnetosphere.  Figure  2c  presents  no 
contradictory  evidence  to  this  picture.  The  maximum  ion  loss  is  50%  from 
nightside  to  dayside.  On  the  other  hand,  kilovolt  electrons,  whose  source  is 
the  midnight  high  L  region,  are,  as  they  near  the  earth,  deflected  from  sun¬ 
ward  motion  toward  dawn,  moving  in  near-circular,  counterclockwise  paths 
through  noon,  where  they  resume  a  sunward  motion  again.  They  are  unable  to 
penetrate  a  teardrop-shaped  region,  centered  on  the  earth  and  having  its  long 
axis  along  the  dusk  meridian  (where  cross-tail  and  corotation  electric  fields 
cancel  producing  a  stagnation  region  for  electron  motion.)  In  Figure  2d  there 
is  some  evidence  of  the  existence  of  an  inner  edge  to  the  low  energy  electron 
population  between  18  and  03  LT  in  the  night  sector  and  a  stagnation  region  at 
dusk.  However,  the  effect  of  loss  from  midnight  through  the  dawn  sector  to 
post-noon  is  so  great  (90%  loss)  that  the  convection  pattern  is  overwhelmed  by 
it.  Any  quasi-static  model  of  the  electron  population  in  this  energy  range 
must  include  loss  processes  in  order  to  make  comparison  with  measured  values. 

The  high  energy  electron  and  ion  motions  are  dominated  by  the  magnetic 

field  within  the  SCATHA  regime,  resulting  in  closed  trajectories.  If  all 

trajectories  are  circular  and  under  conditions  of  no  loss,  there  should  be  a 

high  degree  of  azimuthal  symmetry  in  the  high  energy  distributions.  This 

appears  to  be  the  case  for  high  energy  ions  (Figure  2a),  but  not  for  electrons 

(Figure  2b).  A  quasistatic  cross-tail  convection  electric  field  that 

increases  with  distance  from  the  center  of  the  earth  can  affect  the  high 

energy  particles  at  high  L-values  resulting  in  open  trajectories  on  the 

post-noon  (pre-noon)  side  for  electrons  (ions).  The  trajectories  should  then 
\ 

"pile-up"  in  the  post-midnight  (pre-midnight)  region  where  the  high  energy 
electron  (ion)  density  is,  in  fact,  seen  to  be  greatest. 
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There  are  at  least  two  other  mechanisms  by  which  high  energy  particles  at 
high  L-values  can  access  the  inner  magnetosphere :  diffusion  and  repeated 
application  of  short-lived  induction  electric  fields.  In  the  former,  high 
energy  particles  move  earthward  across  field  lines  leading  to  a  hotter 
population  at  lower  L-values.  In  the  latter,  in-place  acceleration  of  the 
existing  population  occurs  leading  to  an  increase  in  the  high  energy 
population,  but  not  necessarily  a  hotter  one.* 

Anisotropy.  The  nature  of  the  dynamical  processes  occurring  in  the  inner 
magnetosphere  can  also  be  revealed  by  the  anisotropies  in  the  particle 
populations.  We  define  an  anisotropy  index  for  a  given  energy  channel  by 

i 

using  the  ratio  of  fluxes  measured  at  90°  pitch  angle  to  those  measured  at 
45°.  The  index  is  made  sytrmetric  about  the  isotropic  case  by  the  following 
definition  of  the  anisotropy  index: 

AI  5  J90/J45  *  for  J45  >  J90; 

and  AI  s  -  (J45/J90  -  *)»  f°r  J90  >  J45* 

Thus,  for  normal  or  pancake  distributions  (Jgg  >  J45),  AI  is  positive.  For 
butterfly  distribution  or  broad  streaming  along  field  lines  (J^  >  Jggh  AI  is 
negative.  In  general,  we  expect  distributions  to  be  isotropic  or  preferen¬ 
tially  aligned  along  the  field  line  in  regions  of  particle  entry  or  in 
injection  regions  or  wherever  particles  have  not  been  subject  to  loss.  On  the 
other  hand,  trapped  configurations  develop  for  particles  which  are  long-lived. 

*An  additional  stipulation  is  required  for  acceleration  by  induction 
electric  fields  and  that  is  that  the  strength  of  the  accelerations  accumulated 
over  many  events  is  greater  than  the  strength  of  the  decelerations.  If  the 
induction  electric  field  results  from  the  changes  in  the  magnetic  field,  this 
requires  that,  say,  the  formation  of  a  tail-like  configuration  is  slower  than 
the  recovery  of  a  dipole  configuration.  There  is  evidence  for  this. 


In  addition,  systematic  changes  in  the  anisotropy  index  of  the  trapped 
population  of  high  energy  particles  should  also  be  observed  because  of 
azimuthal  asymmetries  in  the  magnetic  field  configuration  (drift  shell 
spl itting) . 

Figure  3  shows  maps  of  average  anisotropy  indices  in  L-Shell ,  local  time 
coordinates  for  sample  energies  which  fall  within  the  low  (represented  by  9 
keV  energies)  and  high  (represented  by  100  keV  energies)  energy  populations. 
The  sample  energy  anisotropy  index  variations  are  representative  of  the  two 
populations.  No  separation  by  magnetic  activity  has  been  made  in  the  data 
from  which  the  averages  were  calculated. 

The  9.2  keV  electron  anisotropies  (Figure  3a)  are  consistent  with  the 
picture  of  a  low  energy  electron  source  region  at  high  L-values  in  the 
midnight  sector  (highest  degree  of  isotropy),  and  near-circular  electron 
trajectories  through  dawn  to  post-noon  accompanied  by  continuous  loss  (the 
distribution  becomes  increasingly  trapped).  Two  other  points  require  comment. 
First,  the  low  energy  electrons  also  show  a  strongly  trapped  distribution  at 
the  lowest  L-value  (5.5  -  6  RE),  for  all  local  times.  This  is  the  trough 
region  composed  of  trapped  particles  from  old,  active  periods,  and  its  outer 
boundary  can  be  taken  as  the  inner  limit  of  open  trajectories  (Alfven  boundary 
for  9  keV  electrons).  Second,  there  is  a  region  of  reasonably  isotropic  9  keV 
electrons  in  the  dusk  sector  at  high  L  (8  RE).  We  postulate  that  this  is  the 
inner  edge  of  the  electron  population  that  is  convected  directly  to  the 
dayside  from  the  tail  region  without  deflection  toward  dawn;  that  is,  that  it 
is  a  continuation  of  the  midnight  source  region. 

Tne  9.7  keV  ions  (Figure  3c)  show  a  very  broad  region  from  midnight  to 
dusk  of  near  isotropy,  with  development  of  loss  cone  distributions  on  the 
dayside.  Again,  this  is  consistent  with  the  density  variations  which  indicate 
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that  the  low  energy  ions  move  sunward  through  the  inner  magnetosphere  with 
little  loss. 

The  anisotropy  index  variations  of  the  100  keV  electrons  and  ions 
(Figures  3b  and  3c)  show  that  at  least  three  separate  transport  mechanisms  are 
operating.  First,  there  is  the  overall  pattern  of  drift  loss  cones  expected 
for  stably  trapped  high  energy  particles  circulating  in  the  combined  dipolar 
and  tail-like  inner  magnetospheric  magnetic  field  and  subject  to  drift  shell 
splitting.  The  loss  cones  are  perpendicular  to  the  field  near  midnight, 
resulting  in  butterfly  distributions,  and  parallel  to  the  field  near  noon 
giving  very  flat  pancake  distributions.  Second,  in  addition  to  regions  of 

i 

negative  anisotropy  index  centered  around  midnight,  there  are  also  asymmetric 
regions  on  the  dawn  (dusk)  side  for  ions  (electrons)  at  high  L-values.  We 
postulate  that  these  reflect  entry  regions  for  high  energy  particles  which 
contain  open  trajectories  to  either  flank  of  the  magnetosphere.  Third,  the 
anisotropy  index  increases  with  decreasing  L,  which  may,  in  part,  result  from 
inward  diffusion. 

Average  Energy.  The  average  energy  for  each  population  is  defined  as  the 
ratio  of  the  energy  density  for  the  population  (second  moment  of  the 
distribution  function)  and  the  number  density.  The  average  energy  is  used  in 
place  of  temperature  because  the  distribution  functions  are  not  well-described 
by  Maxwellian  distributions.  Figure  4  shows  the  average  energy  variations  for 
the  high  and  low  energy  populations  in  L-Shell ,  local  time  plots.  The  first 
observation  is  that  in  all  cases,  the  average  energy  variation  is  small.  In 
order  to  show  the  variation,  a  linear  scale  had  to  be  used.  The  second  point 

is  that  the  ions  are  hotter  than  the  electrons,  but  only  by  at  most  a  factor 

\ 

of  two.  The  average  energy  of  the  high  energy  electrons  (ions)  is  20-30  keV 
(30-40  keV);  and  the  low  energy  electrons  (ions),  1-3  keV  (2-4  keV). 


The  high  energy  ions  (Figure  4a)  show  a  reasonably  symmetric  increase  in 
the  average  energy  with  decreasing  L.  This  again  indicates  a  process  that 
conserves  the  second  adiabatic  invariant,  such  as  inward  diffusion.  The  high 
energy  electron  average  energy  distribution  (Figure  4b)  is  asymmetric  dawn  to 
dusk,  being  hotter  in  the  dusk  sector,  at  lower  L  values.  The  explanation  for 
this  is  not  apparent  in  any  of  the  processes  discussed  thus  far. 

We  look  for  the  convection  electric  field  effects  principally  in  the  low 
energy  ions,  since  their  density  distributions  indicate  smaller  loss  effects 
than  for  electrons.  Figure  4c  shows  higher  average  energies  in  the  dusk 
sector  which  is  in  the  correct  sense  for  a  dawn  to  dusk  electric  field.  There 
is  also  little  change  in  average  energy  along  the  midnight-noon  axis.  The 
total  cross-magnetosphere  change  in  energy  density  is  approximately  3  keV  over 
10  RE,  which  gives  an  average  dawn  to  dusk  electric  field  of  .05  mV/m,  which 
is  smaller  by  about  an  order  of  magnitude  than  normally  assumed. 

From  the  SCATHA  Atlas  we  draw  the  following  conclusions  concerning 
sources,  losses,  and  convection  (or  transport)  of  the  particles  in  the  inner 
magnetosphere: 

High  energy  electrons  and  ions  (20  keV-400  keV):  The  region  from  5-8  RE 
is  a  region  which  is  principally  occupied  by  stably  trapped  populations  that 
strongly  reflect  drift  shell  splitting  in  their  pitch  angle  anisotropies,  are 
reasonably  isothermal,  and  lie  on  the  outer  limits  of  inward  diffusion.  There 
is  evidence  of  entry  from  the  flanks  of  the  magnetosphere  on  the  dawn  (dusk) 
side  for  ions  (electrons).  The  high  energy  ion  population  is  the  major 
contributor  to  the  energy  density  (pressure)  of  the  total  ion  and  electron 

population  and  is  extremely  stable  to  variations  in  density  and  average 

i 

energy.  The  high  energy  electron  population,  by  comparison,  is  far  more 


variable,  both  in  density  and  in  average  energy,  variations  without  ready 
expl anation. 

The  low  energy  ion  population  (50  eV-20  keV)  strongly  reflects  the 
existence  of  a  quasi-static,  large-scale  dawn  to  dusk  magnetospheric  electric 
field.  The  density  varies  little  from  midnight  to  noon  with  only  small 
increases  in  loss  cone  development.  The  ion  population  suffers,  at  most,  a 
50%  loss  in  this  regime.  The  average  energy  increases  from  dawn  to  dusk. 

The  low  energy  electron  population  (50  eV-20  keV)  is  far  more  variable, 
suffering  losses  from  midnight  to  noon  of  more  than  90%.  The  losses  appear  to 
be  highly  energy  dependent  since  they  obscure  the  effects  of  the  convection 
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electric  field  that  are  so  clearly  seen  in  the  ion  distributions.  In  order  to 
model  this  population,  an  inclusion  of  the  loss  process  must  be  made. 

A  comparison  of  the  geosynchronous  low  energy  electron  population  with 
the  precipitation  electrons  over  the  same  energy  range  at  low  altitudes  (DMSP 
orbit)  can  be  made  as  an  initial  attempt  to  describe  the  loss  process  in  a 
global  fashion.  Figure  5  is  a  plot  of  the  low  energy  electron  number  flux 
measured  at  SCATHA  (o)  (all  L-values  are  included  in  the  averages)  as  a 
function  of  local  time,  and  those  precipitating  at  low  altitudes  (.,  x)  in  a 

region  which  maps  to  the  SCATHA  regime  by  means  of  a  dipole  magnetic  field. 

Again,  we  consider  only  KP  levels  of  2  and  3.  The  evening  and  midnight 
regions  (where  we  have  postulated  sources  for  the  low  enegy  population)  show 

comparable  number  fluxes.  Beyond  about  4  LT  to  15  LT,  the  precipitating 

electrons  fall  off  much  more  sharply  than  those  at  geosynchronous,  huving 
their  minimum  value  near  noon,  while  the  electrons  at  SCATHA  minimize  later, 

at  about  17-13  LT. 

\ 

A  comparison  of  average  energies  at  geosynchronous  orbit  and  at  low 
altitudes  is  shown  in  the  same  format  in  Figure  6.  Here,  the  dusk  to  midnight 
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region  (the  source  region  at  SCATHA)  shows  preferential  precipitation  of  the 
low  energy  portion  of  the  parent  population;  while  beyond  4  LT,  the 
precipitating  electrons  have  average  energies  approximating,  or  greater  than, 
the  parent  population.  The  region  from  noon  to  dusk  shows  erratic  behavior  in 
the  precipitating  average  energies. 

We  tentatively  conclude  that  the  loss  process  for  low  energy  electrons  is 
characterized  differently  in  three  local  time  regimes: 

1)  From  dusk  through  the  midnight  sector,  the  sources  and  losses  of  low 
energy  electrons  are  comparable,  and  there  is  preferential  selection  of  the 
lower  energies  in  the  loss  process. 

2)  From  4  LT  to  noon,  there  are  no  sources,  and  the  precipitation  (or 
loss)  is  only  a  fraction  of  the  parent  population.  Higher  energy  particles 
are  preferentially  precipitated  in  this  region. 

3)  From  noon  to  dusk,  the  precipitation  is  effectively  quenched, 
although  there  is  a  substantial,  albeit  trapped,  parent  population. 
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FIGURE  CAPTIONS 


Figure  1 


Figure  2 


Figure  3 


Figure  4 


SC5  number  densities  for  ions  and  electrons  as  determined  from 
spin-averaged  moments  for  energy  ranges  100  eV  to  400  keV  and  20  to 
400  keV.  The  average  number  densities  are  plotted  vs  (left)  LT, 
(center)  L-Shell,  and  (right)  KP. 

Variations  in  number  density  coded  in  polar  coordinate  LT  and 
L-Shell  ranges.  The  densities  are  for  (a)  high-energy  ions,  (b) 
high-energy  electrons,  (c)  low-energy  ions,  and  ( d)  low-energy 

3 

electrons.  The  code  is  in  the  center  in  particles/cm  ,  and  values 
in  (b)  must  be  multiplied  by  10"*. 

Variations  in  average  energy  coded  in  polar  coordinate  LT  and 
L-Shell  ranges.  The  average  energies  are  for  (a)  high-energy  ions, 
(b)  high-energy  electrons,  (c)  low-energy  ions,  and  (d)  low-energy 
electrons.  The  code  is  in  the  center  in  keV,  and  values  in  (c)  and 
(d)  must  be  multiplied  by  10”*. 

Anisotropy  indices  averaged  over  all  KP  and  plotted  in  polar 
coordinate  representations  of  LT  and  L-Shell  for  (a)  9-keV 
electrons,  (b)  96-keV  electrons,  (c)  10-keV  ions,  and  (d)  126-keV 
ions.  The  codes  represent  ranges  of  the  indices  and  are  identified 
in  the  center  of  the  figure. 


Figure  5  Comparison  of  local  time  variation  of  average  number  flux  measured 

.  near-geosynchronous  by  SCATHA,  and  at  the  low  altitude  latitudes 
which  lie  on  the  same  field  lines  measured  by  DMSP.  The  magnetic 
activity  of  the  averaged  values  is  for  KP  2-3. 

Figure  6  Same  as  Figure  5,  but  for  the  average  energy,  defined  as  the  ratio 
of  the  energy  flux  to  the  number  flux. 
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ABSTRACT 

The  relationship  between  auroral  electron  precipitation  and  its  source 
region  is  explored  by  comparing  electron  data  from  the  low  altitude,  polar 
orbiting  P78-1  satellite  and  the  near  geosynchronous  orbiting  P78-2  (SCATHA) 
satellite  when  both  are  located  near  the  same  magnetic  field  lines.  The  IGRF 
model  was  used  to  determine  the  approximate  time  of  magnetic  conjugacy  of  the 
two  satellites.  A  total  of  seven  conjunctions  were  found  in  the  period  from 
April  1  through  December  22,  1979,  which  satisfied  the  criteria  that  KP  <  2, 
that  the  field  lines  near  which  the  satellites  are  located  thread  the  auroral 
oval,  and  that  the  electron  spectra  at  the  two  satellites  exhibit  near1'/ 
identical  shapes  and  differential  fluxes.  For  these  conjunctions,  the 
electron  distributions  at  low  altitude  were  notably  isotropic  over  the  upper 
hemisphere.  By  contrast,  the  fluxes  at  geosynchronous  displayed  either 
"pancake"  or  "butterfly"  distributions.  The  presence  of  these  anisotropic 
distributions  suggests  weak  pitch  angle  diffusion.  The  degree  of  anisotropy 

at  geosynchronous ,  defined  as  the  average  ratio  of  parallel  to  perpendicular 

\ 

electron  fluxes,  ranged  from  approximately  2  to  20.  Furthermore,  the  depth  of 


the  loss  cone  as  a  function  of  energy  is  not  constant  within  a  spectrum  or 


We  examine  a  series  of  magnetic  field  line  conjunctions  between  a 
satellite  located  near  the  geosynchronous  region  of  the  equatorial  plane  and  a 
low  altitude,  polar  orbiting  satellite.  Using  a  number  of  case  studies,  we 
explore  the  relationship  between  electron  populations  as  observed  in  the 
midnight  regions  of  the  diffuse  aurora  and  their  source  region  near  the 
equatorial  plane. 

We  find  that: 

1.  From  low  altitude  observations  in  the  diffuse  aurora,  the  particle 
distributions  over  the  upper  hemisphere  are  isotropic.  Since  these 
distributions  map  into  the  loss  cone  near  geosynchronous,  the 
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electron  flux  across  this  loss  cone  is  also  isotropic.  This  is 
inconsistent  with  weak  pitch  angle  diffusion  which  maintains  that  the 
electron  distribution  should  be  anisotropic  at  all  pitch  angles. 

2.  The  electron  distribution  near  the  geosynchronous  region  of  the 
equatorial  plane,  responsible  for  producing  diffuse  aurora,  is  highly 
anisotropic  outside  of  the  loss  cone.  This  is  inconsistent  with 
strong  pitch  angle  diffusion,  which  maintains  that  the  electrons  are 
isotropically  distributed. 

3.  The  e-folding  loss  times  of  these  near-geosynchronous  electron 
populations  are  much  slower  than  loss  times  predicted  from  strong 
pitch  angle  diffusion. 

The  study  is  done  by  comparing  electron  data  from  the  low  altitude,  polar 
orbiting  P78-1  satellite  and  the  near-geosynchronous  orbiting  P78-2  (SCATHA) 
satellite  when  both  were  located  near  the  same  field  lines.  The  detectors 
aboard  the  spinning  P78-1  satellite  collect  electrons  in  the  energy  range  of 
50  eV  to  20  keV  in  16  semi-logarithmic  steps.  Ihe  SC-5  detectors  aboard  the 
spinning  SCATHA  satellite,  which  were  specifically  designed  to  provide  high 


time  resolution  particle  spectra,  collect  electrons  in  the  energy  range  of  110 
eV  to  54  keV  in  8  semi -logarithmic  steps. 

flie  IGRF  field  model  is  used  to  determine  the  time  of  magnetic  conjugacy 
of  the  two  satellites.  Initially,  44  possible  conjunctions  were  found  from 
April  1  to  December  22,  1979,  which  satisfied  the  criterion  of  Kp  <  2. 

However,  precipitation  profiles  from  P78-1  revealed  that  the  majority  of  these 
field  lines  did  not  map  into  the  auroral  oval.  This,  along  with  the  fact  that 
the  SC-5  detectors  aboard  SCATHA  were  not  continuously  operating,  narrowed  the 
total  number  of  possible  conjunctions  down  to  11.  For  each  of  the  11 
conjunctions,  comparisons  were  then  made  between  the  SC-5  differential  elec¬ 
tron  spectra  (taken  from  the  smallest  pitch  angle  nearest  the  calculated 
"footprint"  of  the  conjugate  field  line)  and  the  P78-1  spectra  (taken  within 
±3  detector  spins  from  the  field  line).  In  6  out  of  the  11  cases,  nearly 
identical  spectra  were  found.  In  the  other  5  cases,  they  were  not,  possibly 
because  of  the  presence  of  inverted  V's,  electric  fields  parallel  to  field 
lines,  or  other  phenomena  that  prevent  a  one-vo-one  mapping  of  the 
distribution  function. 

Figure  1  shows  a  typical  example  of  differential  electron  spectra,  taken 
from  day  242,  which  exhibit  spectral  similarity  at  the  time  of  the  conjunc¬ 
tion.  Differential  flux  is  plotted  as  a  function  of  energy  on  a  log- log 
scale.  The  SCATHA  spectrum  (represented  by  the  solid  line)  was  taken  at  a 
pitch  angle  of  4.49°  that  was  just  outside  the  edge  of  the  loss  cone  (~  3°). 
The  P78-1  spectrum  (represented  by  the  dashed  line)  was  taken  at  a  pitch  angle 
of  176.52°  where  the  observed  electron  fluxes  are  precipitating  into  low 

altitude  southern  latitudes  from  near  geosynchronous. 
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Figure  2  shows  another  example  of  spectra  that  are  nearly  identical. 

This  time  the  SCATHA  spectrum  was  taken  at  a  pitch  angle  of  3.22°  which  is 


inside  the  loss  cone  (~4.5°).  The  P78-1  spectrum  was  taken  at  a  pitch  angle 
of  8.02°  where  the  observed  electron  fluxes  are  precipitating  into  low 
altitude  northern  latitudes  from  near  geosynchronous . 

Figure  3  shows  plots  of  differential  flux  (linearly  scaled)  versus  pitch 
angle  that  is  characteristic  for  electrons  viewed  at  low  altitude  by  P78-1. 

It  is  evident  that  the  fluxes  shown  here  are  isotropic  over  the  upper 
hemisphere  (between  0°  and  90°)-  Flux  data  is  compiled  from  approximately  3 
detector  spins  in  the  conjunction  regions,  and  averaged  in  bins  spanning  5°  in 
pitch  angle.  Included  are  data  from  days  299,  180,  and  300  taken  by  0.6,  1.5, 
and  3.6  keV  energy  channels,  respectively.  The  scatter  seen  in  the  top  and: 
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middle  panels  are  within  statistical  error.  Particle  isotropy  is  evident  near 
most  of  7  conjunctions  at  low  altitudes,  except  where  strongly  inverted  V 
structures  make  the  claim  ambiguous. 

Since  the  electron  distributions  seen  at  low  altitudes  map  into  the  loss 
cone  near  geosynchronous,  the  electron  distributions  inside  the  loss  cone  are 
also  isotropic.  This  implies  that  the  electron  populations  near  geosynchron¬ 
ous  do  not  undergo  weak  pitch  angle  diffusion  since  weak  pitch  angle  diffusion 
is  associated  with  anisotropic  distributions  within  the  loss  cone. 

Since  we  don't  see  signs  of  weak  pitch  angle  diffusion,  we  may  then  ask: 
"Do  we  see  indications  of  strong  pitch  angle  diffusion?"  We  examine  electron 
distributions  outside  of  the  loss  cone  near  geosynchronous  for  our  answer. 

Figure  4  shows  plots  of  differential  flux  (linearly  scaled)  versus  pitch 
angle  that  is  characteristic  of  electrons  viewed  near  geosynchronous  orbit  by 
SCATHA.  The  three  panels  show  fluxes  that  directly  correspond  to  the  three 
panels  in  the  previous  viewgraph.  Unlike  the  electron  distributions  observed 
at  low  altitudes  by  P78-1,  the  electron  distributions  observed  near  geosynch¬ 
ronous  are  typically  anisotropic.  The  top  and  bottom  panels  show  clear 


indication  of  a  “pancake"  distribution  (flux  peaking  at  90°),  while  the  middle 
panel  exhibits  a  “butterfly"  distribution  (flux  peaking  near  45°  and  135°). 

Such  anisotropic  distributions  were  evident  in  all  seven  cases  of  magnetic 
conjugacy  at  geosynchronous.  This  implies  that  the  electron  population  near 
geosynchronous  does  not  undergo  strong  pitch  diffusion  since  strong  pitch 
angle  diffusion  demands  isotropic  distributions  outside  of  the  loss  cone. 

even  though  the  data  appear  to  be  inco.-.i ‘ate..;  with  both  wzz'.:  zr.2  zt-'-rc 
pitch  angle  diffusion,  we  may  make  an  estimation  of  the  -e-folding  electron 
loss  rates.  Table  1  shows  the  number  densities  within  the  loss  cone,  total 
number  densities,  and  the  e-folding  loss  times  within  the  loss  cone  as  a 
function  of  energy  at  the  conjunction  point  near  geosynchronous  on  day  300. 

The  number  density  within  the  loss  cone  was  readily  calculated  from  a 
knowledge  of  the  loss  cone  size,  and  electron  flux  information  within  the  loss 
cone.  The  electron  fluxes  were  found  by  linear  extrapolation  across  the  loss 
cone  whenever  the  detector  spins  in  such  a  manner  that  it  does  not  look 
directly  into  the  loss  cone.  The  total  number  density  was  obtained  by 
integrating  the  electron  fluxes  over  all  pitch  angles  for  a  complete  satellite 
spin  at  the  conjoint  field  line  location.  Note  that  the  number  density  within 
the  loss  cone  is  approximately  three  orders  of  magnitude  less  than  the  total 
number  density  for  each  energy  channel.  This  holds  true  for  the  other  five 
conjunctions  as  well. 

In  column  4  of  Table  1,  the  e-folding  electron  loss  times  within  the  loss 
cone  were  calculated  using  the  observed  electron  distributions  found  near 
geosynchronous.  In  this  specific  case,  as  is  generally  true  in  the  other 

conjunctions,  the  loss  times  are  seen  to  decrease  with  increasing  energy,  from 
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a  value  of  35  minutes  at  .11  keV  to  5  minutes  at  54  keV.  Considering  all 
cases,  loss  times  ranged  from  approximately  0.5  to  3.5  hours  for  100  eV 


electrons,  and  from  4  to  11.5  minutes  for  54  keV  electrons. 

The  e-folding  rates  in  column  5  of  Table  1  were  calculated  as  if  isotropy 
had  been  maintained  along  the  entire  particle  distribution  at  geosynchronous. 
These  values  range  from  27  minutes  at  .11  keV  to  1  minute  at  54  keV.  Strong 
pitch  angle  diffusion  may  be  associated  with  these  hypothetical  electron 
distributions  since  isotropy  is  assumed  both  inside  and  outside  of  the  loss 
cone.  We  see  that  the  e-folding  electron  loss  rates  of  the  observed 
near-geosynchronous  electron  populations  in  column  4  are  much  slower  than  the 
loss  rates  associated  with  strong  pitch  angle  diffusion  in  column  5. 

The  loss  times  calculated  from  measured  electron  fluxes  are  a  factor  of 
1.5  to  10  times  slower  than  those  predicted  by  the  limit  of  strong  pitch  angle 
diffusion. 

From  our  study,  we  may  conclude  that  in  the  midnight  region,  the  diffuse 
aurora  appears  to  be  maintained  by  a  slow  dribble  of  particles  originating  at 
near-geosynchronous  altitudes  which  do  not  seem  to  be  undergoing  either  weak 
or  strong  pitch  angle  diffusion  as  defined  in  the  literature. 
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FIGURE  CAPTIONS 


Figure  1.  Comparison  of  the  differential  spectra  between  electrons  detected 
by  P78-1  and  SCATHA  on  day  242  near  the  conjugate  magnetic  field 
line. 

Figure  2.  Same  as  Figure  1  for  day  300. 

Figure  3.  Differential  flux  as  a  function  of  pitch  angle;  determined  from 
electrons  detected  at  P78-1,  instrument  2,  channel  7  (0.6  keV)  on 
day  299,  channel  10  (1.5  keV)  on  da^y  180,  and  channel  12  (3.6  keV) 
on  day  299,  compiled  from  approximately  3  detector  spins  within 
the  region  of  the  conjugate  field  line. 

Figure  4.  Differential  flux  as  a  function  of  pitch  angle,  determined  from 

electrons  detected  at  SCATHA  by  the  0.62  keV  energy  channel  on  day 
299,  the  1.57  keV  energy  channel  on  day  180,  and  the  4.4  keV 
energy  channel  on  day  300.  The  fluxes  are  averaged  over  a  200 
second  time  interval  around  the  conjugate  field  line. 
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INTRODUCTION 


The  question  of  whether  or  not  electromagnetic  cyclotron  harmonic 
waves  can  be  excited  in  the  magnetosphere  near  geostationary  altitude, 
was  raised  upon  examination  of  the  data  from  the  VLF  broadband  measure¬ 
ments  on  the  SCATHA  satellite  during  a  severe  spacecraft  charginq 
event  (Ponatelli  et  al.,  1983).  During  this  event  strong  emission 
bands  were  detected  at  or  near  the  first  two  harmonics  of  the  2  kHz 
electron  gyrofrequency.  These  emission  hands  appeared  on  both  the 
electric  and  magnetic  wave  field  detectors.  While  the  SCATHA  electron 
gun  was  in  operation  at  varyinq  current/enerqy  levels  attempting  to 
discharge  the  satellite,  there  were  frequency  shifts  in  the  emission 
hand  and  consistent  maqnetic  field  components.  This  observation  promp¬ 
ted  the  present  theoretical  study  to  determine  whether  electromagnetic 
electron  cyclotron  harmonic  waves  could  be  generated  in  a  plasma  repre¬ 
sentative  of  local  conditions. 

Theoretical  and  observational  studies  to  date  have  explained  obser¬ 
vations  analogous  to  those  of  the  SCATHA  data  in  terms  of  electrostatic 
emissions.  Using  the  Harris  dispersion  relation,  Fredricks  (1971) 
showed  that  non-resonant  electrostatic  waves  could  be  excited  in  a 
plasma  in  which  the  electron  perpendicular  velocity  distribution  has  a 
narrow  region  of  positive  slope,  i.e.  3f0/3v^  >  0.  The  restriction 
on  the  velocity  distribution  was  relaxed  by  Young  et  al.  (1973)  to 
the  requirement  that  a  distribution  of  cold  and  warm  electrons  have  a 
velocity  distribution  that  is  non-monotonic  in  .  They  showed 
that  this  provides  sufficient  free  energy  for  drivinq  instabilities. 
The  ratio  of  cold  to  hot  plasna  density,  above  which  instability  will 
not  occur,  was  established  hy  Ashour-Abdal la  et  al.  (19711).  The  non- 


convective  and  convective  nature  of  the  instability  is  shown  to  be 
controlled  by  the  temperature  ratio  of  the  cold  to  hot  electron  popula¬ 
tions  (Ashour-Ahdalla  and  Kennel,  1978).  Electrostatic  upper  hybrid 
waves  observed  on  ISEE-1  have  also  been  explained  by  this  theory  (Kurth, 
et  al.  1979).  Sentnan  et  al.  {1979)  show  examples  of  two-component 
electron  distribution  functions  constructed  from  ISEE-1  observations 
of  low  energy  magnetospheric  electrons  that  occur  simultaneous  with 
the  detection  of  electrostatic  emissions  between  the  electron  cyclotron 
frequency  and  the  upper  hybrid  resonance. 

"Electromagnetic  emissions  within  this  frequency  range,  with  the 
exception  of  the  whistler  mode,  have  not  been  reported  prior  to  the 
SCATHA  observations.  Ohnuma  et  al.  (1981)  have  shown  that  electromag¬ 
netic  cyclotron  harmonic  waves  may  be  generated  in  a  dense  plasma; 
i.e.  one  in  which  <jpe  >>  ace,  where  uipe  and  nce  are  the 
electron  plasma  and  gyro-  frequencies,  respectively.  Although  their 
results  we'-e  applied  to  laboratory  plasmas,  this  condition  may  prevail 
in  the  vicinity  of  SCATHA  during  beam  operations. 

Here  the  problem  will  be  approached  in  a  manner  suggested  by  the 
work  of  Tataronis  and  Crawford  (1970).  They  used  the  quasi-static  ap¬ 
proximation  in  deriving  a  dispersion  relation  for  a  warm  magnetoplasma 
and  proceeded  to  examine  under  what  conditions  unstable  electrostatic 
cyclotron  harmonic  waves  (Bernstein  nodes)  exist.  They  looked  at  several 
types  of  distribution  functions  and  examined  ranqes  of  plasma  parameters 
for  finding  unstable  modes.  They  show  that  if  the  analytic  solution 
to  the  dispersion  relation  undulates  about  zero  for  a  given  distribution 
function,  non-convective  mode  couplinq  instabilities  occur.  These  occur 
between  specific  ranges  of  the  two  ratios,  the  plasma  frequency/electron 


qyrofrequency  and  the  qyroradius/wavelenqth,  for  each  harmonic  pair. 
For  two  component  distributions,  the  density  and  velocity  ratios  of 
the  two  components  must  also  be  considered.  Similar  solutions  are 
souqht  here  for  electromagnetic,  cyclotron  harmonic  waves  (extraordinary 
and  ordinary  modes). 

In  the  next  section  the  electromagnetic  dispersion  relation  for  a 
warn,  uniformly  magnetized,  homogeneous  plasma  is  examined.  Analytical 
solutions  will  be  presented  for  the  three  perpendicularly  propaqatinq 
nodes,  the  Bernstein,  extraordinary,  and  ordinary  nodes,  usinq  a  two 
component  distribution  function.  The  ambient  plasma  is  represented  as 
a  Maxwellian;  the  electron  beam  is  represented  as  a  delta-function  in 
velocity  space.  Sample  calculations  show  that  instabilities  may  exist 
for  both  the  Rernstein  and  the  extraordinary  modes.  The  frequencies 
and  wave  numbers  of  the  excited  modes  vary  with  the  beam-to-ambient- 
plasma  density  and  velocity  ratios. 

THEORY 

The  dispersion  relation  is  derived  usinq  the  linearized  Vlasov 
equation  and  Maxwell's  equations  (in  cqs  units): 

[  3/3t  +  _v  *  7  +  ( (_v_  x  JIq)  / c)  -  = 

“  (o.i/nj)[£i  +  (v.  x  B_i )  / c.l  •  Vyf  jo  (1) 

2  x  Ej  =  -c"1  3B j/3t 

V  x  B i  =  C-1  3E_j/3t  +  (Airq  j  nj  j/c)  /  vdvfjj 

_V  •  Ej  =  Auqjnji  /  dvf  ji 

2  •  Rj  =  o 


The  equilibrium  electron  velocity  distribution  is  fjo(vi*vit) 
where  1  and  I  refer  to  components  perpendicular  and  parallel  to  the 
external  magnetic  field,  P.0  =  Roz.  There  is  assumed  to  he  no  external 
electric  field,  E0  =  0.  The  perturbation  electric  and  naqnetic 
fields  are  Ej  and  Bj,  respectively.  The  perturbed  particle  distribution 
and  density  are  fjj  and  n^  ,  respectively,  where  particle  species 
is  indicated  by  the  subscript  ,i.  The  charqe  and  mass  for  each  particle 
species  are  qj  and  n^,  respectively;  c  is  the  velocity  of  liqht  in  a 
vacuum. 

The  plasma  is  assumed  to  be  infinite,  spatially  homogeneous  and 
uniformly  naqnetized,  since  variations  in  time  and  space  nay  be  neglected. 
Equations  (1)  and  (?)  are  solved  by  introducing  a  Fourier  transform  in 
space,  a  Laplace  transform  in  time,  and  integrating  along  unperturbed 
particle  orbits.  This  leads  to  the  nine  element  dielectric  tensor,  from 
Krall  and  Trivelpiece  (1973): 
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Dyz  -  (2 irl / <i»)  ^2  II  Aj^^'vj^v, 


^2X  *  (c^k  i^j/o2)  -  (2 ir /u)  UjJj2  jj  XjJ^viNaj/|ci 

nzy  *  "  (2irf/«,)  ^2  II  xiJN-JN’v|vi 
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II  =  /_“  dv,j£  dv  ±2 v±/(N£Zj  +  kjV,  -  ui 

Xj  =  U-(k|V|/a))l(3fj0/3vi2)  +  (k,v,/u>) 

(9fj0/3»,J) 

Af  5  (KBjMCOfjo/a*^)  -  (3fJo/S»,2)] 

*  (3fj„/3»,Z) 

For  simplicity  in  the  above  derivation,  the  wave  vector  k  is 
defined  as  follows: 

JL  *  JLjl  +  Jli  -  ki*  +  k,z. 

The  definition  of  other  terns  are: 
w  =  wave  frequency 

=  plasma  frequency  *  {4xnjq^2/mj)I/2 
R.i  =  particle  qyrofrequency  *  qjB(/njc 
Jn  =  Nth  order  Ressel  function  of  the  first  kind 
klvl/n.i“  argument  of  the  Bessel  function 
JN*  2  derivative  of  On  with  respect  to  the  argument. 

There  is  no  separation  of  electrostatic  and  electromagnetic  modes 
in  the  dispersion  tensor  (3).  However,  by  considering  parallel  propa¬ 
gation  (k  i  *  0)  and  perpendicular  propagation  (k,  *  0)  separately, 
it  is  possible  to  simplify  the  dispersion  tensor  and  examine  some 


characteristic  wave  nodes.  Settinq  kt  «  n  in  (3)  singles  out  t.he 
nodes  that  propagate  parallel  to  the  equilibrium  naqnetic  field. 
These  nodes  are: 

(1)  The  longitudinal,  electrostatic,  Landau  damped,  Lanqrojir  waves 
and  inn  acoustic  waves. 

(?)  The  weakly  damped  transverse  electromagnetic  Alfven  waves  at 
frequencies  below  the  ion  cyclotron  frequency;  the  Whistler  waves  at 
a*  *  (l/2)fl  and  the  cyclotron  waves  which  occur  at  w  *  Q.  The  cyclotron 
waves  are  stronqly  damped  for  u  =  k|C,  which  is  also  the  band  in  which 
spontaneous  emission  of  radiation  occurs. 

By  taking  k,  *  0,  the  characteristic  waves  that  propaqate  perpen¬ 
dicular  to  the  equilibria  maqnetic  field  are  singled  out.  These 
nodes  are: 

(1)  the  almost  purely  longitudinal,  nearly  electrostatic 
Rernstein  nodes  that  correspond  to  the  electrostatic  waves  discussed  at 
the  beginning  of  this  section. 

(?)  The  transverse,  electromagnetic,  cyclotron- harmonic  waves 
which  include  the  extraordinary  mode  with  E.  1  and  the  ordinary 
mode  with  E_  «  £0.  These  modes  are  normal  nodes  of  a  high  density, 
maqnetized  plasma  (<^  »  ae2),  (Ohnuna  et  al.,  19R1)  and  are 
excited  near  ion  and  electron  cyclotron  harmonics.  The  SCATHA  observa¬ 
tions  are  within  the  range  of  these  emissions.  It  will  be  determined 
if  these  nodes  are  unstable  within  the  local  beam- background  plasma. 

For  k g  «  0,  the  dispersion  tensor  (3)  reduces  to: 


1Jxx  *Vy  0 

*n  xy  fyy  0 

0  0  Dz  2 
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At  the  frequencies  of  oscillation  considered  here.  Ions  way 
be  regarded  as  providing  a  charqe  neutral  background.  The  approxlwation 
t^2  «  k2c2  Is  also  valid  since: 

<^2/k2c2  <  u^2Vh2/u»2C2  <  I^2vb2/n2c2  <  0.1 

where:  Vf>  «  bean  velocity. 

Since  the  Dxy  terns  are  second  order  in  uj^2/k2c2,  they  may  be  neglected. 
Then  (4)  may  be  approximately  solved  for  the  three  eiqennodes: 

(1)  Dxx  *  0:  Bernstein  mode 
(?)  DyV  *  0:  extraordinary  mode 

(3)  0IZ  *  0:  ordinary  mode 

where  the  elements  of  the  dispersion  matrix  reduce  to: 

DxX  -  1  -  (4i*<^2/k2)  l  N2fi2/W(NQ  -  u)  /  dv, 

/  dvx  vxJN2  af0/av/  (5 

Oyy  =  1  -  (k2c2/u>2)  -  4iru^j2  l  (w(Ntl  -  tt))"1  /  dv, 

/  dvx  vx3  (JN'  )2  afo/avj^2  (6 

n2Z  *  1  -  (k2c2/w2)  -  Aim^2  1  («{Nn  -  <»>))"*  /  dv, 
f  <lv±  vx  v,2  JN2[Nn/w  (af^avj2 

-  af0/av,2)  -  af0/av,7)]  (7 

Unstable  solutions  are  now  sought  for  each  of  the  eigennodes 
using  the  SCATHA  data  to  evaluate  the  necessary  parameters. 

ANALYTICAL  SOLUTIONS 

The  SCATHA  observations  presented  in  Ponatelli  et  al.  ( 1 08 3 )  for  ?4 
April  1 indicate  that  heart- in  jetted  electrons  nav  create  a  dense 


plasma  where  electromagnetic  cyclotron  harmonic  instabilities  are  gener¬ 
ated.  At  the  tine  of  interest  the  naqnetospheric  plasma  was  made  up  of 
two  populations:  a  low-energy  coiiponent  with  a  temperature  about  300  eV, 
and  a  high-energy  component  about  25  keV  (Mullen  et  al.,  1981).  The 
ejection  energy  of  the  beam  from  the  electron  gun  was  either  80  eV  or 
150  eV.  After  passing  through  the  satellite  sheath  the  beam  electrons  had 
energies  of  1-3  keV  due  to  acceleration  throuqh  the  vehicle  potential. 
Emission  bands  were  detected  consistently  at  or  near  the  first  and 
second  harmonic  of  the  electron  gy  rofrequency ,  0,  which  was  about  2  kHz. 
From  the  data,  bean-to-backqround  velocity  ratios  are  estimate-  A  ratio 
of  2-3  is  reasonable  for  the  "artificial"  beam  (electrons  from  the  bean 
systems  on  SCATHA),  and  a  ratio  of  9-10  for  the  natural  bean  (injec¬ 
tions  of  high  energy  nagnetosperic  electrons).  The  density  ratios  are 
assumed  to  be  greater  than  one,  both  for  the  natural  bean  (Mullen  et 
al.,  1981)  and  the  "artifical"  beam.  Although  the  current  and  radius 
of  the  artificial  bean  are  known,  the  effective  beam  density  is  not, 
since  the  electrostatic  forces  between  bean  electrons  contribute  to 
rapid  spreading  as  does  the  external  magnetic  field  (Hendrin,  1973). 
Furthermore,  at  these  low  emission  enerqies  the  electron  bean  cannot  be 
hiqhlv  focussed. 

The  dimensionless  variables  to  be  used  in  these  solutions  are  de¬ 
fined  as  follows: 

s?  =  ?KTk?/mn2  =  vTk?/fl2 

xb  =  vib/n 

where: 

v ib  *  vb  sin  *b; 

<j^  *  pitch  angle  of  the  electron  bean,  15°  <  $  <  165°. 


Then: 

*  kvj.t/G  *  (kVb/Q)sin  ^ 

and: 

0.26  (kv^/n)  <  sxjj  <  kvb/O 

where  sxb  is  the  argument  of  the  Ressel  function  in  equations  (5),  (6), 
and  (7). 

The  anbient  density  is  between  0.5  and  1.0  cnr\  If  the  density  is 
set  at  1.0  cn~3,  the  value  of  the  following  non-dimensional ized 
parameters  are: 

(yn)2  -20 

(ujj/kc)2  -0.1 

The  distribution  function  is  approximated  as  follows: 

f0  =  np(n/2irKT)3/2exp[-(n/2l<T)(v|2  +  v±2)3  + 

(nb/2nvih)  6(v g  -  vlb)  fiCvj.  -  vlb)  (8) 

where: 

T  *  temperature  (°K) 

K  *  Roltznann  constant 

np  =  low  enerqy  ambient  electron  density 

nb  *  density  of  electron  beam 

This  distribution  function  is  a  Maxwellian  combined  with  a  ring 
distribution  in  velocity  space  and  including  motion  parallel  to  the 
magnetic  field.  The  Maxwellian  represents  the  anbient  plasma,  and  the 
delta-function  represents  the  beam,  with  the  ring  distribution  descri¬ 
bing  the  portion  of  the  monoenergetic  bean  electrons  moving  in  the 
plane  perpendicular  to  the  magnetic  field,  uniformly  distributed  in 
qyrophase  angle.  Tataronis  and  Crawford  (1970)  conducted  a  numerical 
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study  of  t.hp  propagation  characteristics  of  perpend i at  1  arly  propagating 
electrostatic  waves  in  a  combined  ring-Maxwellian  distribution.  They 
state  that  instability  occurs  if  the  analytic  function  for  the  disoer- 
sion  relation  is  undulatory  about  zero.  Their  results  show  that  node 
coupling  is  a  feature  of  the  ring  distribution  leading  to  strong  non- 
convective  instability.  Combining  the  ring  and  Maxwellian  distribu¬ 
tions  leads  to  non-convective  instability  with  higher  growth  rate  and 
lower  instability  threshhold  than  for  the  ring  distribution  alone. 
The  electromagnetic  dispersion  relation  nay  be  solved  for  each  of  the 
three  eioenmodes  of  perpendicularly  propagatinq  waves.  Solutions  to 
the  dispersion  relation  nay  be  found  as  functions  of  X|>  and  nb/np, 
using  preceding  definitions. 


A.  The  Bernstein  Mode 

The  dispersion  relation  for  theRernstein  node,  obtained  hy  substi¬ 
tuting  equation  (8)  into  equation  (5)  and  integrating,  is  the  following: 


nxx  »  l  -  (4^/n2)  l  n¥aNx/{uz  -  n¥)  -  n 


where: 


ANx  =  s-2exp{-s2/2)IN{s2/2)  +  (nb/npsxh)JNJN' 


tm  is  the  modified  Bessel  function  of  the  first  kind  with  arqunent  s2/2. 
The  prime  denotes  the  derivative  of  the  Bessel  function  with  respect  to 
the  argument.  \  is  now  the  sumnation  from  N*1  to  •».  Since  Apjx 
is  undulatory  about  zero,  unstable  solutions  are  anticipated  (Tataronis 
and  Crawford,  1970).  In  Appendix  A  It  is  shown  that  in  usinq  a  three- 
tern  approximation  to  equation  (9),  unstable  solutions  are  found  for: 

nb/°p  B  2  and  xb  =  2 
such  that: 
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<V  ft  *  1.7  +  0.  Pi 


(10) 
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and: 

np/np  *4.5  and  xp  *  in 
such  that: 

■ii/Q  *  1.8  ♦  1.11  (11) 

The  Bernstetn  Mode  is  •nearly  a  pure  electrostatic  node.  The 
solutions  are  equivalent  to  those  obtained  by  Tataronis  and  Crawford 
(1970)  usinq  the  electrostatic  approximation  to  the  dispersion  relation. 
Thev  found  unstable  solutions  in  this  frequency  ranqe  with  the  qrowth 
rate,  y,  a  finite  fraction  of  the  real  part  of  the  frequency,  u»r.  In 
equation  (10),  with  =  1.7  ft,  y  *  0.5u»r;  for  equation  (11), 
y*  0.6u*-.  In  both  equations  (9)  and  (10)  ur  is  in  the  range 
of  emissions  detected  by  the  SCATHA  broadband  receiver  (Donatelli  et 
al.,  1983).  However,  this  mode  is  not  expected  to  have  the  observed 
magnetic  field  component,  the  presence  of  a  maqnetic  component,  requires 
the  existence  of  electromagnetic  extraordinary  and/or  ordinary  modes. 

R.  The  Extraordinary  Mode 

The  dispersion  relation  for  the  extraordinary  mode  is  obtained  by 
substituting  equation  (8)  into  equation  (6)  and  integrating  to  obtain: 

nyy  *  1  -  (k2c  W)  -  -  4^2  l  ANy/(a2  -  w2n2)  (1?) 

where: 

ANv  *  (N2/s2)exp(.s?/2)IN(s2/2)  ♦  (nb/np)[(y  )2  4  (sxb/2)y  y] 

The  function  A^  is  undulatory  about  zero,  therefore,  meeting  the 
instability  condition  of  Tataronis  and  Crawford  (1970).  Usinq  a  four- 
tern  approximation  to  the  dispersion  relation,  instabilities  are  found 


l 


228 


*  .*» 


•ST  '  "■ 


for  (see  Appendix  B): 

nh/np  *  1°  and  xb  *  9 
such  that: 

uif  fi  =  1.5  +0.  2i 

and: 

nb/np  *  1°  and  xh  =  3 
such  that: 

wj  si  *  1, 8  ■+  n.fii 

Here  it  is  shown  that  unstable  solutions  exist  within  the  desired  fre¬ 
quency  range.  The  larger  be am-to-backq round  density  ratios  required 
to  support  the  extraordinary  mode  are  consistent  with  the  work  of 
Ohnuna  et  al.  (1981). 

C.  The  Ordinary  Mode 

The  dispersion  relation  for  the  ordinary  mode  is  obtained  by 
substituting  equation  (8)  into  equation  (7)  and  integrating  to  obtain: 

nzz  =  1  -  (k2c 2/u>2)  -  (Aoz  UpW)  -  2uip2  l  ANz/(w2  -  «¥)  (13) 

where: 

ANz  *  exp(-s2/2)IN(s2/2)  4  (nb/np)JN2 
Since  A^z  is  always  positive,  no  unstable  solutions  are  anticipated. 

CONCLUSIONS 

The  analytical  solutions  presented  here  show  that  electromagnetic 
non-resonant  instabilities  may  he  excited  in  a  plasma  represented  as 
a  Maxwellian  background  with  a  monoenergetic  beam  of  electrons.  The 
electromagnetic  dispersion  relation  was  solved  for  kt  =  0,  using  the 
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approximation  tnj-  <<  kV.  These  simplifications  permit  the  elements 
of  the  dispersion  relation  to  be  separated  and  solved  as  three  distinct 
eiqenmodes  of  perpendicularly  propagatinq  waves: 

1.  Rernstein  Mode;  £  i  Ro,  k^  I  £ 

2.  Extraordinary  Mode;  £  l  Ro,  Jc  l  Z 

3.  Ordinary  Mode;  JE  I  Bo,  k  l  F 

In  the  first  two  cases  it  is  shown  that  cyclotron  harmonic  nodes 
nay  couple  bc-c..cen  the  first  two  harmonics  of  the  electron  gyrofrequen- 
cy,  exciting  non-convective  instabilities  with  growth  rates,  y.  that 
are  a  finite  fraction  of  wr.  In  the  third  case  no  unstable  solutions 
exist.  Sample  solutions  presented  for  the  Rernstein  and  extraordinary 
nodes  are  shown  to  depend  on  the  ratios  n^/Op  and  xj,  =  v^/vy.  These 
ratios  must  be  greater  than  one. 

The  ratio,  nf,/np,  for  the  nearly  electrostatic  Bernstein  node 
can  be  compared  quantitatively  to  the  a  of  Tataronis  and  Crawford 
(1970)  and  the  ratio  Nc/Nh  of  Ashour-Abdalla  et  al.  (1975)  by  considering 
the  Maxwel 1 ian  portion  of  the  electron  distribution  as  the  "cold" 
component  and  the  delta-function  as  the  "hot”  or  "ring"  component.  The 
results  for  n^/np  =4.5  and  xf,  =  10  agrees  with  the  results  for  a  =  0.2 
and  Nc/N^  =  0.2.  These  are  values  associated  with  non-convective 
electrostatic  instabilities  at  frequencies  between  the  first  two  har¬ 
monics  of  the  electron  qyrofrequency . 

For  the  extraordinary  mode  a  larger  density  ratio,  np/np  «  10, 
is  required  to  excite  instabilities,  consistent  with  the  results  of 
Ohnuna  et  al.  (1981).  These  instabilities  may  be  excited  for  velocity 
ratios  of  3  and  9,  representing  ratios  of  the  "artificial"  and  "natural" 
electron  bean  densities,  respectively,  to  the  ambient  density.  These 
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electromagnetic  instabilities  are  non-convective,  non-resonant,  with 
large  qrowth  rates.  They  may  be  excited  by  electron  beams,  given 
sufficient  heam-to-anhient  density  and  velocity  ratios.  The  full 
ranqe  of  parameters  over  which  they  may  occur  will  he  explored  throuqh 
numerical  calculations.  For  further  understanding  of  ‘he  relationship 
of  these  waves  to  effects  observed  in  the  SCATHA  data  and  in  the  naqneto- 
-sphere,  the  full  electromagnetic  dispersion  relation,  including  the  kii 
terns,  must  be  solved  for  conditions  pertaining  to  space  vehicles  in 
space  plasmas. 
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APPENDIX  A 


Solution  for  Bernstein  Modes; 

The  dispersion  equation  for  the  Bernstein  modes  is: 


nxx  =  1  -  (S2/«z)  l  nVW(«*  -  NV)  (A-l) 

where: 

aNx  *  s'2exp(-s2/2)IN(s2/2)  4  (nb/npsxb)JN(sxb)JN' (sxb) 


This  may  be  approximated: 


Dxx  *  1  -  (4«|)Z/n2)[(A1n2/{w2  -  O2))  +  (4A2n2/(w2  -  4n2))]  (A-2) 


Setting  Dxx  *  0  leads  t.o  the  fourth  order  equation: 

wW  -  [5  +  [4'*fi2/n2){A1+H?)'\  w2/02  + 

4[1  +  (4^2/fl2)(A1  4  A2)]  -  0  ^  (A-3) 
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This  nay  he  solved  as  a  quadratic,  then  transformed  to  polar  coordinates. 


to  obtain: 


(j/3  =  (Kr)l/?[cos(0/2  +  nu)  +  isin(Q/2  +  mu)],  n  =  0,1 


(A-4) 


where: 


K  =  [5  +  (4£op2/£2?)(A1  +  4A2)]/2 
r?  =  x2  +  y2 

0  =  tan"l(y/x) 
x  =  1 

y  =  C[l*(l  +  (4up2/n2)(A1  +  a2) )/(s  +  +  aa2))2]  -  l]1-'2 

For  instability,  the  following  condition  rust  be  satisfied: 

\ 

0  <  [5  +  (4u)p2/fi2)(A1  ■+  4A2)32  <  16 [1  +  (4Up2/fl2)(A1  +  A2)]  (A-5) 

A]  and  A^  are  evaluated  as  functions  of  nb/np  using  tabulated  values  of 
Bessel  functions  fron  Abranowitz  and  Stegun  (1 970)  for  the  approximate 
range  of  the  argument,  as  defined  by  the  constraints  on  sxj^.  Substituting 
these  and  the  value  of  u>p/tt  into  the  inequality  (A-5),  determines  the 
constraints  on  nb/np. 

For  sxj)  =  3.6;  Xb  =  20;  nb/np  =  2: 

Aj  =  0.0464;  A 2  =  -0.0132. 

Substituting  in  equation  (A-4)  and  solving  for  O  and  Kr: 


-VO  «  1.95(0.89  ♦  0.45i)  *  1.73  +  0.8R6i 


(A-6) 


A  second  solution  is  found  for  sxb  =  3.2,  xb  =  10.  Then  with 
nb/nD  =  4.5;  Ai  =  0.078,  *.?  =  -0.0223;  and 


w/n  =  1.83  +  1 . 1 4  i 
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APPENDIX  B 


Solution  for  Extraordinary  Modes: 

The  dispersion  equation  for  the  extraordinary  node  is: 

nyy  =  1  -  (k2c2/u2)  -  (2^\/J)  -  A%*  l  ANy/(w2  -  N2n2)  (B-l) 

where: 

AN.y  =  (N2/s2)exp(-s2/2)IN(s2/2)  +  (2nb/np)[(JN' (sxb) )2  + 
sxbJN' (sxb)Jf|"(sxb)] 

This  nay  be  approximated: 

Hyy  =  1  -  (k2c2/ u>2)  -  (2^\/J)  - 

^[(Aj/fw2  -  fi?))  +  (A?/(co2  -  4n2))]  (R-2) 

Settinq  n.y.y  =  0  1  eads  to  the  sixth  order  equation: 

(«/  -  5(u*l)2  +  4fi4)[(u2/k2c2)  -  1  -  (2u)p2A0/k2c2)] 

-  (4a^2/k2c2) [w^(Aj+Ajj )  -  («il)?(4A1+Az)]  *  0  (B-3) 

This  may  be  reduced  to  a  fourth  order  equation  by  usinq  th »  approximation 

'JVk2c2  <<  1: 

[1  +  (2^\/kZC?)  +  (4ufe2/k2C2)(A1+A2)]  (u>/fl)4  - 
[5(1  4  (2ufc2A0/k2c2))  +  (4Up2/k2c2)(4A1+A2)]  [u/n)?  + 

4[1  +  (2  <Up2A0/k2C2}  j  =  0  (B-4) 

This  nay  be  solved  as  a  quadratic,  then  transformed  to  polar  coordinates, 
analoqous  to  the  solution  for  the  Bernstein  node  of  Appendix  A,  to  obtain 

=  (Kr)l/2[cos(0/2  +  mir)  ±  isin(0/2  mu)],  m  =  0,1  .  (R-5) 

\ 


where: 


•"  -  A  c  >  +  (4^,//k/c/)(4A1<A2).V 

?[1  ♦  (2olp2A0/k?c2)  +  (4^?/k2c2)(A1+A2)] 
r’  -  X?  >  y* 
o  =  tan-l(y/x) 
x  =  1 

y  =  [[16(1  +  2u)p2A0/x2c2)[l  +  [2u^\/k2C2)  4  (4up2/k2c2)  (A^)]/ 

[6(1  +  2^\/kZc?)  +  (4^2/k2c2)(4A1+A2)]2]  -  l]1'2 

For  instability,  the  following  condition  that  nust  he  satisfied: 

0  <  [6(1  4  2Up2A0/k2c2)  4  (4^2/k2c2)(4A1+A2)]2 

<  16(1  4  2u^2A0/k2C2)[l  4  2uJp2A0/k2c2  4  (4UD2/k2C2)(A14A2)]  (B-fi) 

An  and  Af,j+|  are  evaluated  as  functions  of  n^/np  usinq  the  tabulated  val¬ 
ues  of  Bessel  functions  from  Abramowitz  and  Stequn  (1970)  for  the 
appropriate  range  of  the  arqument  as  defined  by  the  constraints  on 
sxh.  Substitute  these  and  the  value  of  u>p2/k2c2  into  the 
inequality  (B-6)  to  obtain  the  constraints  on  nfo/np. 

For  sxfc  =  4.0;  xj,  =  9.0;  nt,/np  =  10: 

A0  =  1.05,  A}  *  -0.714,  A2  -  2.72.  Substituting  and  solvinq  for 
0  and  Kr: 

oo/O  *  1.55(0.99  4  0. 1 4i )  =  1.53  4  0.22i  (R-7) 

A  second  solution  is  found  for  sx^  =  4.4;  Xf,  =  3.  Then  with 
nh/np  =  10:  A0  =  3.06,  Aj  =  -2.4,  A?  s  2.79,  and 

1 
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